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GASEOUS MOTOR FUELS. AN ASSESSMENT OF THE CURRENT AND FUTURE STATUS. 
S. S.  Sorem, S h e l l  O i l  C o . ,  Son Franc isco ,  C a l i f . ,  e t  a l .  

The Engine Fuels Subcommittee of t h e  A P I  Committee of Environmental 

J impact of adopt ion  of gaseous f u e l s  t o  reduce automotive emissions from 
e x i s t i n g  and f u t u r e  motor v e h i c l e s  a s  a means of  ach iev ing  improved a i r  
q u a l i t y  i n  t h e  1975-80 per iod .  The major cons ide ra t ions  of v e h i c l e  emis- 
s i o n s ,  f u e l  and equipment c o s t s  and a v a i l a b i l i t y ,  and o v e r a l l  i m p x t  on 
emissions from a l l  sources  provided t h e  b a s i s  f o r  t h e  r e p o r t .  This study . 
found t h a t  w i th  f avorab le  d o s t s  f o r  t h e  gaseous f u e l s  and favorcii)le f u e l  
t a x  cons ide ra t ion  coupled wi th  f u e l  a v a i l a b i l i t y ,  and i n h e r e n t l y  lower 
maintenance, converted f l e e t s  can show an economic advantage. Conversion 
of o l d e r  models t o  gaseous f u e l s  can r e s u l t  i n  reduced emissions f o r  those  
v e h i c l e s ,  b u t  w i l l  n o t  r e a l i z e  s i g n i f i c a n t  b e n e f i t  f o r  t h e  c u r r e n t  (1973) 
model v e h i c l e s ,  nor  t hose  a n t i c i p a t e d  t o  m c e t  t h e  1975-76 Federa l  s t an -  
da rds .  Therefore ,  th,e impact of such conversion on a i r  q u a l i t y  i s e x p e c t e d  
t o  have marginal impact i n  t h e  1975-80 pe r iod .  I f  t h e  g a s o l i n e  engine c a n  
meet o r  even approach t h e  1975-76 emissions l i m i t s ,  conversion of e a r l i e r  
models t o  gaseous f u e l s  w i l l  no t  provide  improved a i r  q u a l i t y  du r ing  the  
next  decade except  under very  s p e c i a l  environmental  and economic c o n d i t i o n s  

,' A f f a i r s  undertook an assessment of  publ i shed  inforniation on t h e  p o t e n t i a l  
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FUEL VOLATILITY AS AN ADJUNCT TO AUTO EMISSION CONTROL. R. W. Hurn, Dennis B. 
Eccleston, and Barton H. Eccleston, U.S. Department o f  I n t e r i o r ,  Bureau o f  Mines, 
Box 1398, B a r t l e s v i l l e ,  Okla. 7W03 

Late-model veh ic les  were used i n  an experimental study o f  t he  i n t e r a c t i o n  of fuel  
v o l a t i l i t y  w i th  emissions and associated f u e l  economy. V o l a t i l i t y  cha rac te r i s t i cs  of 
t h e  t e s t  f u e l s  ranged between 7 and 14 pounds Reid vapor pressure; between 130' and 
240' F 50% point ;  and between 190' and 370' F 90% po in t .  Choke se t t i ngs  o f  each 
veh ic le  were adjusted as needed f o r  choke ac t i on  appropr iate t o  each f u e l ' s  v o l a t i l i t y .  

Midrange and back-end v o l a t i l i t y  were found t o  in f luence emissions s i g n i f i c a n t l y .  
The p r i n c i p a l  i n f l uence  i s  upon emissions dur ing  c o l d  s t a r t  and warmup. Resul ts show 
tha t ,  i n  general , hydrocarbon and carbon monoxide emissions a r e  reduced by inc reas ing  
e i t h e r ,  or both, midrange and back-end v o l a t i l i t y .  
warmup a l s o  was improved by inc reas ing  v o l a t i l i t y  i n  the  midrange and back-end p o r t i o n  
of t he  b o i l i n g  curve. Wi th in  the  vapor pressure l i m i t s  t r a d i t i o n a l  o f  U.S. f u e l s ,  
vapor pressure and f u e l  f ron t -end v o l a t i l i t y  were found t o  have on ly  s l i g h t  e f f e c t  
upon e i t h e r  emissions o r  f u e l  economy. 

Fuel economy dur ing  s t a r t i n g  and 
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I .  INTRODUCTION 

During t h e  p a s t  decade, e f f o r t s  t o  reduce vehicu lar  p o l l u t a n t  
emission have included sugges t ions  f o r  t h e  removal of  lead from 
gasol ine  o r  f o r  use of a l t e r n a t i v e  f u e l s  such a s  H2 and low molecular 
weight hydrocarbons which a r e  known t o  have high octane va lues  and 

/ good burning c h a r a c t e r i s t i c s  ( L ) ,  (2).  Lead removal, which i s  a l ready  
I being implemented, raises t h e  octane requirement of t h e  f u e l .  The 

increased s e v e r i t y  requi red  i n  r e f i n i n g  t o  produce such high oc tane  
gaso l ine  decreases  t h e  gaso l ine  y i e l d  p e r  b a r r e l  of crude and, t he re -  
f o r e ,  increases  crude o i l  consumption and demands more r e f i n i n g  
capac i ty  i n  t h e  face  of  an impending energy crisis.  U s e  o f  low 
molecular weight hydrocarbons i s  d i f f i c u l t  t o  implement because of  
s a f e t y  hazards and lack  of nationwide s t o r a g e  and d i s t r i b u t i o n  systems 

The concept of a t t ach ing  a c a t a l y t i c  r e a c t o r  t o  an i n t e r n a l  

I d i sc losed  i n  a pa t en t  issued t o  Cook (2) i n  1940. Recent ly ,  it has 

f 
,I combustion engine conver t ing  l i q u i d  hydrocarbons t o  gaseous f u e l  was 

received some renewed a t t e n t i o n .  Newkirk e t  a 1  (2) descr ibed  t h e i r  
concept of an on-board product ion of CO2/H2 mixture by s t e a m  reforming 
of gaso l ine  fuel. A U.S. p a t e n t  was i ssued  t o  W. R. Grace Company i n  
1972 (4) on a mobile c a t a l y t i c  c racking  u n i t  i n  conjunct ion with a 
mobile i n t e r n a l  combustion engine.  I n  1973, Siemens Company (5) of  
Germany announced a " s p l i t t i n g  ca rbure to r "  which breaks up gaso l ine  
and r e l a t e d  f u e l s  i n t o  burnable  gases .  The j e t  propuls ion labora tory  
of  NASA (6) is  inves t iga t ing  t h e  concept of t h e  genera t ion  of hydrogen 
f o r  use a s  a n  a d d i t i v e  t o  gaso l ine  i n  i n t e r n a l  combustion engines.  

i' 

While l i t t l e  t echn ica l  d a t a  a r e  a v a i l a b l e ,  t h e s e  developments 
appear t o  represent  d i f f e r e n t  approaches of adapt ing e s t ab l i shed  
i n d u s t r i a l  c a t a l y t i c  processes  designed f o r  a narrow range of opera- 
t i n g  condi t ions  t o  moving veh ic l e s  which m u s t  opera te  from i d l i n g  t o  
f u l l  t h r o t t l e .  

To design a reactor system capable  of opera t ing  s a t i s f a c t o r i l y  
under f u l l  t h r o t t l e  condi t ions  r equ i r e s  e i t h e r  a l a r g e  r e a c t o r  or an 
unusual ly  a c t i v e  and e f f i c i e n t  c a t a l y s t .  A s tandard 300 cu. i n .  
automotive engine a t  f u l l  t h r o t t l e  consumes f u e l  a t  a r a t e  of about 
10 cc/sec.  If the r eac to r  w e r e  ope ra t ing  a t  1 - 2  LHSV (vol /vol /hr . ) ,  
i . e . ,  a t  t h e  throughput of an average i n d u s t r i a l  r e a c t o r ,  t h e  engine 
would r equ i r e  a c a t a l y s t  bed volume of 18-36 l i t e r s  (4 .8  - 9.5 g a l l o n s ) -  
f a r  l a r g e r  than t h e  ca rbure to r  it replaces. The necess i ty  of a mult i -  
r eac to r  system f o r  continuods opera t ion  p l u s  accessory devices  inc luding  
t h e  f u e l  p rehea te r ,  e t c . ,  would make t h e  system imprac t i ca l ly  bulky 
and t o o  slow to  w a r m  up. Therefore ,  a workable system c l e a r l y  depended 
on t h e  discovery o f  new c a t a l y s t s  of high a c t i v i t y .  To reduce t h e  s i z e  
of t h e  r eac to r  t o  t h a t  of a ca rbure to r ,  an increase  i n  c a t a l y t i c  
a c t i v i t y  by a f a c t o r  of a t  l e a s t  50-100 is necessary.  
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I n  add i t ion  t o  t h e  problem of t h e  c a t a l y t i c  r e a c t o r  volume, the 
l i f e  of the  c a t a l y s t  i s  a l s o  of c r i t i c a l  importance. Most i n d u s t r i a l  
c a t a l y s t s  r equ i r e  p e r i o d i c  ox ida t ive  regenera t ion  i n  a mat te r  of 
minutes a f t e r  ope ra t ion  t o  maintain t h e i r  e f f ec t iveness .  A c a t a l y t i c  
c racking  c a t a l y s t ,  such a s  t h a t  proposed i n  t h e  p a t e n t  i s sued  t o  
Grace (4) , r e q u i r e s  f r equen t  regenera t ion .  An example descr ibed i n  
t h i s  p a t e n t  s t a t e s  t h a t  wi th  a zeol i te -conta in ing  c a t a l y s t ,  2% of  the 
f u e l  was converted t o  coke i n  the  c a t a l y t i c  conver te r .  W e  e s t imate  
t h a t  under the  proposed opera t ing  cond i t ions ,  each volume of c a t a l y s t  
could process  no more than 1 0  volumes o f  f u e l  be fo re  s u f f i c i e n t  coke 
(20%) would have depos i ted  on the  c a t a l y s t  t o  d e a c t i v a t e  it. Thus, 
even i f  the  c a t a l y s t  were a c t i v e  enough t o  opera te  a t  100 LHSV,  no 
more than  6 minutes of continuous opera t ion  between oxida t ive  regen- 
e r a t i o n s  would be f e a s i b l e .  

I n  t h i s  paper  we  p re sen t  experimental  s t u d i e s  with a c a t a l y s t  
t h a t  overcomes many o f  t hese  l i m i t a t i o n s .  

11. EXPERIMENTAL 

1. Equipment 

To demonstrate t h e  performance of  the new c a t a l y s t  system, t h e  
c a t a l y t i c  r e a c t o r  was a t tached  t o  a s tandard  motor knock T e s t  Engine, 
Method IP44/60 (I), bypassing the  ca rbure to r .  Figure 1 shows a 
schematic  diagram of  t h e  c a t a l y t i c  u n i t .  The r e a c t o r  cons is ted  of 
t w o  3/4 inch O.D. x 1 8  inches s t a i n l e s s  s t e e l  cy l inde r s  mounted 
v e r t i c a l l y ,  one on t o p  of t h e  o t h e r ,  and connected i n  series. The 
t o p  chamber se rv ing  as the  p rehea te r  contained 82 cc of 3 nun diameter  
g l a s s  beads; t h e  c a t a l y s t  bed (5 inches long) i n  the  bottom chamber 
cons i s t ed  of 24 cc o f  20/30 mesh c a t n l y s t  mixed wi th  1 2  cc of 8/14 
mesh Vycor ch ips .  During thermal runs ,  Vycor ch ips  were s u b s t i t u t e d  
f o r  t h e  c a t a l y s t .  

Both cy l inde r s  were e l e c t r i c a l l y  heated.  Liquid f u e l  flow was 
metered with a ro tameter .  Ai r - fue l  r a t i o  w a s  monitored by Orsat 
a n a l y s i s  of the exhaus t .  

2.  T e s t  Fuels  

Two types  of feeds tocks  were used: (1) an 86 research  octane 
(R+O) and 79.5 motor octane (M+O) reformate obta ined  from Mobil ' s  
Paulsboro Refinery conta in ing:  23.4 w t .  % n-pa ra f f in s ,  33.9% branched 
p a r a f f i n s ,  1 .2% o l e f i n s ,  1.0% naphthenes and 40.5% aromatics ,  and 
( 2 )  a Kuwait naphtha of  40.5 c l e a r  motor octane (M+O). 

111. RESULTS AND DISCUSSIONS 

(1) Upgrading of  a C5-400°F reformate 

The experiments w e r e  c a r r i e d  out  by charging t h e  l i q u i d  f u e l  
s t o r e d  i n  a p re s su r i zed  r e s e r v o i r  (4500 cc)  a t  38 cc/min. cont inuously 
for  about 2 hours  through the  c a t a l y t i c  conver te r  dur ing  which time 
the motor oc tane  number of t h e  r e a c t o r  e f f l u e n t  was determined every 
30 minutes. A t  t h e  end of 2 hours ,  t h e  r e a c t o r  was cooled t o  800°F 
w i t h  purge n i t rogen  whi le  t h e  f u e l  r e s e r v o i r  was being r e f i l l e d .  The 
experiment was then  repea ted .  Two c a t a l y s t s  w e r e  examined. V i 2 . n  a 
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new s t a b l e  z e o l i t e  c a t a l y s t  ( 1 2  gms)  and a commercial z e o l i t e  cracking 
c a t a l y s t  (16 g m s ) ,  which had previous ly  been aged f o r  2 hours  i n  a 
t e s t  descr ibed l a t e r .  The feed r a t e  corresponds t o  a weight hourly 
space v e l o c i t y  o f  140 and 93, r e spec t ive ly .  The r e a c t o r  was maintained 
a t  between 910 and 920OF. Octane r a t i n g  of  t he  r e a c t o r  e f f l u e n t  a s  a 
funct ion o f  the  cumulative on-stream t i m e  is  shown i n  Figure 2 .  During 
the  f i r s t  2 hours ,  t he  s t a b l e  z e o l i t e  r a i s e d  t h e  oc tane  number from 
the  thermal value of 79.6 t o  85 M+O. The octane dropped 2 numbers 
dur ing  t h e  next two hours and maintained above 82 M+O f o r  t he  next  
seven hours. The aged commercial z e o l i t e  c a t a l y s t ,  on t h e  o t h e r  hand, 
produced no apprec iab le  conversion under t h e  experimental  cond i t ions ,  
i . e . ,  a t  t h i s  high space ve loc i ty .  

( 2 )  

‘Af te r  1 2  hours of ope ra t ion  without  regenera t ion  us ing  reformate 

Upgrading of a C6-350 Kuwait naphtha 

a s  t he  feed ,  t h e  f u e l  was switched t o  the  low octane v i r g i n  naphtha 
and the  t e s t  continued over  t h e  aged s t a b l e  z e o l i t e  c a t a l y s t  f o r  an 
add i t iona l  two 2-hours runs before  t h e  experiment was terminated due 
t o  a mechanical malfunct ion.  The r e s u l t  of t he  naphtha test  is sum- 
marized i n  Figure 3. Shown i n  t h e  same f i g u r e  a r e  t h e  r e s u l t s  over a 
f r e s h  Durabead 8 c a t a l y s t  and the  thermal run. I t  is i n t e r e s t i n g  t o  
note  t h a t  a boost  of 2 2  motor octane numbers was r e g i s t e r e d  by the aged 
s t a b l e  z e o l i t e  c a t a l y s t  while  t he  f r e s h  commercial z e o l i t e  c racking  
c a t a l y s t  and the  thermal run recorded a ga in  of only 10 and 6 numbers, 
r e spec t ive ly  . 

( 3 )  Shape Se lec t ive  Crackinq 

In  add i t ion  t o  t h e i r  exce l l en t  burning q u a l i t i e s ,  i . e . ,  non- 
p o l l u t i n g  combustion, l i g h t  hydrocarbons have volume b lending  octane 
r a t i n g s  ranged between 100 and 150 r e sea rch  c l e a r  numbers (R+O). Thus 
low octane l i q u i d s  such a s  v i r g i n  naphtha and mildly reformed reformate 
can be upgraded by p a r t i a l l y  convert ing them t o  l i g h t  hydrocarbons i n  
the  pre-engine conver te r ,  and feeding t h e  e n t i r e  r e a c t o r  e f f l u e n t  
d i r e c t l y  i n t o  the  engine. 

A t y p i c a l  d i s t r i b u t i o n  of  r eac t ion  products  i s  shown i n  Table I 
f o r  t h ree  samples c o l l e c t e d  when a blend of C6 hydrocarbons was passed 
over  t he  s t a b l e  z e o l i t e  c a t a l y s t  a t  1 atm. and 900OF. The r e s u l t s  
c l e a r l y  show t h a t  the  c a t a l y s t  exh ib i t ed  p r e f e r e n t i a l  shape s e l e c t i v e  
cracking i n  the  o rde r  of n- > monomethyl- > dimethyl -paraf f ins .  Thus 
isomers having t h e  lower octane r a t i n g s  are p r e f e r e n t i a l l y  cracked. 
The C4 minus cracked products  a r e  h ighly  o l e f i n i c  and some C 7 +  aromatics 
are. formed by secondary r eac t ions .  

The added advantage of shape s e l e c t i v e  cracking i n  t h e  o rde r  of 
octane r a t i n g  is i l l u s t r a t e d  by t h e  c racking  of a 61 r e sea rch  octane 
Udex r a f f i n a t e ,  a low octane product  from the  so lven t  e x t r a c t i o n  of 
aromatics  from a reformate. In  Figure 4 ,  curve 1 shows t h e  ca l cu la t ed  
octane number of t h e  r eac to r  e f f l u e n t  vs .  w t .  % l i q u i d  cracked t o  C4- 
l i g h t  hydrocarbons. To produce a 91 R+O f u e l ,  about 49% of  t h e  l i q u i d  
is cracked. Examination of t h e  composition of t h e  r a f f i n a t e  shows t h a t  
the  s t r a i g h t  chain p a r a f f i n s  having an average oc tane  r a t i n g  of  1 7  R+O 
represent  27% o f  the  l i qu id .  Curve 11 shows t h a t  when these  n-paraf f ins  
a r e  s e l e c t i v e l y  cracked,  t he  octane r a t i n g  of  t h e  f u e l  can be boosted 
t o  - 90 R+O with only 27% conversion. An i d e a l  shape s e l e c t i v e  cracking 

, 

i 
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would y i e ld  curve 111 which r ep resen t s  t h e  most e f f i c i e n t  rou te  of 
upgrading. The oc tane  r a t i n g  of t h e  f u e l  i s  boosted t o  100 R+O w i t h  
l e s s  than 40% conversion.  

\ (4 )  c a t a l y s t  l i f e  and s t a b i l i t y  toward ox ida t ive  regenerat ion 

Prel iminary d a t a  obta ined  i n  bench s c a l e  micro-reactor  (8) 
s t u d i e s  using t h e  reformate over  bo th  t h e  f r e s h  c a t a l y s t s  and the  
regenerated c a t a l y s t s  showed t h a t  t h e  c a t a l y s t  w a s  s t a b l e  toward a i r  
regenera t ion  and c a t a l y s t  a c t i v i t y  was r e s to red  a f t e r  regenerat ion.  
A t  100 WHSV, t h e  c a t a l y s t  appeared t o  have a use fu l  cyc le  l i f e  of 
about 7 hours ,  corresponding t o  process ing  700 pounds of  f u e l  pe r  
pound of c a t a l y s t .  A t  lower space v e l o c i t i e s ,  t h e  cyc le  l i f e  appeared 
t o  be much longer  than  7 hours ,  a l though t h e  amount of f u e l p r o c e s s e d  
over t he  same l eng th  of opera t ing  hours  was less than t h a t  a t  100 WHSV. 

I V .  CONCLUSIONS 

! 

A highly a c t i v e ,  s t a b l e  and shape s e l e c t i v e  z e o l i t e  cracking 
c a t a l y s t  overcomes a major problem i n  t h e  app l i ca t ion  of  the concept 
of pre-engine convers ion  t o  a moving veh ic l e .  The c a t a l y s t  is a c t i v e  
enough t o  ope ra t e  a t  above 100 LHSV and 90O0F. The volume of a ca t a -  
l y s t  bed f o r  a 300 cu.  i n .  engine capable  o f  opera t ing  s a t i s f a c t o r i l y  
a t  f u l l  t h r o t t l e  would be less than 360 cc - a manageable volume from 
both s i z e  and warm-up cons ide ra t ions .  The c a t a l y s t  has the  capac i ty  
of process ing  more than  700 volumes of f u e l  p e r  volume of c a t a l y s t .  
For a 360 cc c a t a l y s t  bed,  t h i s  corresponds t o  process ing  66.5 ga l lons  
of f u e l  or  about a d r i v i n g  range of 800 t o  1000 m i l e s  before  a i r  
regenera t ion  would be necessary.  The c a t a l y s t  appears s t a b l e  toward 
oxida t ive  r egene ra t ion  and i t s  c a t a l y t i c  a c t i v i t y  can be f u l l y  res tored .  
Since the  r equ i r ed  volume of c a t a l y s t  bed i s  small  enough, segmented 
or  mul t ip l e  r e a c t o r s  could be used t o  accomplish cracking opera t ion  
and regenera t ion  a t  a l l  t i m e s .  
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Wt. % 

/’ 
Methane 
Ethane, Ethene 
Propane 
Propene 
Butanes 
Butenes 
2,2-Dimethylbutane 
2.3-Dimethylbutane 
2-Methylpentane 
Hexane, 1-hexene 
Benzene 
C7+ Aromatics 

R+O 

AON 

C4-% Conversion 

AON/%Conversion 

TABLE I 

Product Distribution at 90-’F 

WHSV % conversion 

55 

0.6 
3.3 
9.7 
7.0 
2.1 
3.1 
8.6 
5.4 
8.5 
6.9 
38.1 
6.7 

- 

96.8 

19.7 

25.8 

0.76 

100 

0.4 
2.5 
6.1 
5.8 
1.5 
2.6 
8.6 
5.4 
10.7 
10.4 
40.8 
5.1 

- 

92.0 

14.9 

18.9 

0.79 

100 - 55 - 200 - 

0.2 
0.8 
1.1 
3.6 
0.3 
2.0 
8.6 5.5 5.5 
5.4 0 .0  0.0 
11.7 37.0 20.7 
16.1 ’ 71.8 57.6 
44.4 19.8 14.1 
5.6 

84.5 

7.4 

8.0 

0.93 

200 - 

5.5 
0.0 
13.3 
34.3 
6.5 
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Emission Control and Fuel Economy 

L. E. Furlong, E. L. Hol t ,  and L. S .  Bernstein 

Esso Research and Engineering Company 
Linden, New Jersey 

Extended Abstract  

For a t  least t h e  near term fu tu re ,  the  conventional p i s ton  engine w i l l  
continue t o  be  the dominant automobile power p lan t .  The two major f ac to r s  to  which 
i t  must respond a r e  emission standards and f u e l  econmy. 
a r e  c lose ly  l inked, w e  have made a theo re t i ca l  and experimental study of f u e l  econ- 
omy a s  a func t ion  of emission standards f o r  a v a r i e t y  of c a t a l y t i c  and thermal con- 
t r o l  systems appl ied  t o  t h e  p i s ton  engine. 

Since these  two f a c t o r s  

Theore t ica l  Considerations 

Fac tors  a f f e c t i n g  f u e l  economy and emissions can be  divided i n t o  those 
ex te rna l to  t h e  engine and those  i n t e r n a l .  For t h i s  paper, a l l  ex terna l  f ac to r s  
w i l l  be  assumed cons tan t ,  w i th  veh ic l e  weight, the  most important of these,  held 
a t  4000 lbs.  

In t e rna l  f a c t o r s  having s i g n i f i c a n t  e f f e c t s  include a i r - fue l  r a t i o ,  com- 
press ion  r a t i o ,  spark  t iming, exhaust gas recyc le ,  and load f a c t o r .  Each w i l l  be  
discussed i n  t a rn  and the  e n t i r e  d i scuss ion  summarized by r e l a t i n g  f u e l  economy t o  
emission standards f o r  s e v e r a l  ep iss ion  con t ro l  systems. 

s to ich iometr ic  va lue .  The region of 16-16.5 lb s .  of a i r  per l b .  of f u e l  genera l ly  
i s  t he  optimum. Richer mixtures r e l ease  less of t he  f u e l ' s  ava i l ab le  hea t  of com- 
bus t ion  while leaner  mixtures are increas ingly  d i f f i c u l t  t o  burn a t  the optimum 
time. Additionally,  d i l u t i o n  wi th  f u e l  or air  lowers peak flame temperature. Max- 
imum production of n i t r o g e n  oxides occurs a t  about the same a i r - f u e l  r a t i o  as max- 
imum f u e l  economy, s i n c e  both  a r e  func t ions  of peak flame temperature. 
monoxide and unburned hydrocarbon emissions decrease with increasing a i r - fue l  r a t i o ,  
al though a p r a c t i c a l  l i m i t  i s  reached with conventional systems a t  about 18, where 
mis-fire begins and hydrocarbon emissions tu rn  up again.  

, Increas ing  compression r a t i o  allows more e f f i c i e n t  use t o  be made of t he  
hea t  energy i n  f u e l .  
from 8 : l  t o  9 : l  would improve f u e l  economy 5 - 6 %. However, the  higher peak flame 
temperatures assoc ia ted  wi th  t h i s  change would a l s o  produce an increase  i n  nitrogen 
oxide production. 

Engine load is another  important parameter a f f ec t ing  f u e l  economy. The 
greatest r e l a t i v e  economy i s  obtained a t  wide open t h r o t t l e  operation. A t  any re- 
duced load (reduced in t ake  manifold pressure) the  engine must work harder t o  pump 
the a i r - fue l 'xharge  i n t o  t h e  cy l inders .  
load operation. I n  p r a c t i c e ,  maximum f u e l  economy is no t  obtained a t  a v e h i c l e ' s  
top speed, s i n c e  increased wind r e s i s t ance  and road f r i c t i o n  lo s ses  more than com- 
pensate fo r  increased engine e f f ic iency .  However, f o r  a given veh ic l e  weight a t  a 
given speed, a smal l  engine operating c loser  t o  f u l l  load w i l l  have b e t t e r  f u e l  
economy than a l a r g e  engine  th ro t t l ed  back, 

recycle is commonly used  t o  reduce nitrogen oxide formation. 
It func t ions  by lowering peak flame temperatures and thus might b e  expected to  harm 
f u e l  economy. 
(wider t h r o t t l e  opening) t o  maintain cons tan t  power output,  the  engine has l e s s  
pumping and t h r o t t l i n g  l o s s e s  and can compensate f o r  most of the e f f ic iency  l o s t  by 
lower peak flame temperatures.  
i t  must be borne i n  mind that EGR a l so  decreases flame speed. 

Peak f u e l  economy is obtained a t  a i r - fue l  r a t i o s  s l i g h t l y  leaner  than the  

Carbon 

For example, a t  cons tan t  performance, an increase  i n  C. R. 

These pumping lo s ses  a r e  a minimum a t  f u l l -  

Exhaust gas  

However, because EGR requi res  an increased in take  manifold pressure 

In order t o  take maximum advantage of t h i s  trade-off,  
Therefore, spark t i m -  
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ing must be advanced t o  allow proper combustion t i m e .  
adjusted f o r  changes i n  a i r - f u e l  r a t i o  as flame speed a l s o  changes wi th  t h i s  para- 
meter . 
omy and n i t rogen  oxide formation. 
meter, exhaust gas temperature, and i ts  r e l a t i o n  t o  emission cont ro l .  
the higher t h e  peak flame temperature, t he  more hea t  energy which can be ext rac ted  
from the  combustion chamber, hence the  lower the  exhaust gas temperature. However, 
in order t o  con t ro l  emissions by homogeneous or heterogeneous r eac t ions  outs ide  of 
the engine, high temperatures a r e  des i r ab le .  Thus w e  must examine the  balance bei 
tween temperature and emission cont ro l .  

i s fac tory  homogeneous cont ro l  of carbon monoxide and hydrocarbons t o  t h e  most s t r i n -  
gent s t a t u t o r y  l eve l s .  Normal exhaust gas temperatures are in the  lOOO'F range. 
Therefore, a s u b s t a n t i a l  increase  in exhaust temperature or in ava i l ab le  hea t  of 
combustion i n  the  exhaust i s  requi red  f o r  these devices.  
method of supplying the  needed hea t  is t o  r ichen  the  a i r - f u e l  r a t i o .  
excess carbon monoxide and hydrocarbons, which, when combusted in the  r e a c t o r ,  w i l l  
maintain i t  a t  its operating temperature. 

a combination of enrichment and spark r e t a r d ,  which a l s o  increases  exhaust tempera- 
t u re ,  bu t  a t  a g rea t e r  f u e l  economy penal ty ,  is necessary. A t h i rd  method, lowering 
the compression r a t i o ,  imposes a st i l l  higher f u e l  penalty.  Fuel economy d e b i t s  of 
20 - 25% compared t o  uncontrolled ca r s  a r e  typ ica l  f o r  thermal r eac to r s  cont ro l l ing  
emissions t o  the  s t r i n g e n t  s t a t u t o r y  l eve l s  of 3.4 g/mi. of CO and 0.41 g/mi. of HC. 

. On t he  o ther  hand, c a t a l y t i c  oxidation of carbon monoxide and hydrocarbons 
proceeds e f f i c i e n t l y  a t  temperatures assoc ia ted  with normal exhaust temperatures. 
Thus f u e l  economy deb i t s  of the  type assoc ia ted  with thermal r eac to r s  a r e  not nec- 
essary.  
exhaust temperatures. Therefore, oxidation c a t a l y s t s  allow decoupling of emission 
cont ro l  from engine operation. 

of engine opera t ion  a s  is c a t a l y t i c  oxidation of carbon monoxide and hydrocarbons. 
The reduction c a t a l y s t  r equ i r e s  a reducing atmosphere, hence the  engine must be run  
a t  an a i r - fue l  r a t i o  r i c h e r  than s to ich iometr ic .  This means a f u e l  penalty w i l l  be 
incurred compared t o  an  uncontrolled ca r  even i f  a l l  o ther  engine parametprs a r e  
optimized. I n  addi t ion ,  most reduct ion  c a t a l y s t s  r equ i r e  operating temperatures i n  
excess of normal exhaust l e v e l s ,  so f u r t h e r  i ne f f i c i enc ie s  would be necessary. It  
would be des i r ab le  t o  have a reduct ion  c a t a l y s t  capable of e f f i c i e n t  conversion a t  
normal exhaust gas temperatures. Ruthenium-containing ca t a lys t s  have t h i s  po ten t i a l ,  
bu t  t o  da te  ne i ther  they nor t h e i r  high temperature base metal  counterpar t s  have 
exhibited sat is  f ac  to ry  d u r a b i l i t y  . 
1967, 4000 lb.  veh ic l e  in f u e l  economy with t h a t  predicted f o r  vehic les  equipped with 
thermal or c a t a l y t i c  con t ro l  systems t o  meet s eve ra l  emission s tandards .  F i r s t ,  a 
1974 veh ic l e  r e ly ing  on engine modifications only,  including a compression r a t i o  of 
8.2:1, t o  meet t h i s  year ' s  standards shows approximately a 14% d e b i t  i n  f u e l  economy. 
Thermal r eac to r  veh ic l e s ,  which can t o l e r a t e  leaded f u e l  and therefore  opera te  a t  
compression r a t i o s  of l O : l ,  could meet the  1974 standards wi th  about a 6% d e b i t  and 
the 1975 United S ta t e s  in te r im standards for  carbon monoxide and hydrocarbons with 
about a 12% d e b i t .  I n  meeting the  more s t r ingen t  Cal i forn ia  in te r im and f u t u r e  U .  S .  
s tandards,  r i c h  thermal r eac to r s  a r e  required and the  d e b i t  should rise t o  the 20 - 
22X leve l .  
be achieved with a thermal system, the d e b i t  should reach approximately 25%. 

Ca ta ly t i c  systems on the  a ther  hand, cannot use leaded f u e l s .  
therefore  be designed with compression r a t i o s  i n  the  range of 8 : l  t o  accomodate 
lower octane unleaded f u e l s .  Even so, t h e i r  lower operating temperatures should 
r e s u l t  i n  b e t t e r  f u e l  economy. Thus the  1975 in te r im standards f o r  carbon monoxide 
and hydrocarbons should be achievable a t  a f u e l  economy d e b i t  of only about 6% from 
pre-controlled l eve l s .  

Spark timing must a l s o  be 

The foregoing has discussed peak flame temperature as r e l a t e d  t o  f u e l  econ- 
I t  is a l s o  necessary t o  consider a r e l a t e d  para- 

Generally, 

Thermal r eac to r s  r equ i r e  temperatures i n  excess of 1500'F t o  achieve sat- 

The most f u e l  economical 
This w i l l  supply 

P rac t i ca l  cons idera t ions  m i l i t a t e  aga ins t  using t h i s  approach so le ly ,  so 

The engine can be  tuned f o r  maximum opera t ing  e f f ic iency  without regard t o  

Unfortunately,  c a t a l y t i c  reduction of n i t rogen  oxide is  not  as independent 

I n  summarizing a l l  of these cons idera t ions ,  we can compare a pre-control,  

F ina l ly ,  i f  t he  s t a t u t o r y  1977 n i t rogen  oxide l e v e l  of 0.4 g/mi. i s  t o  

They w i l l  

The more s t r i n g e n t  1976 standards should cause a r i s e  t o  only 

I 
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about 8%, and even the 1977 standard fo r  n i t rogen  oxide w i l l  produce only about a 
12% d e b i t .  

Experimental Results 

The r e l a t i o n s h i p  between f u e l  economy and exhaust emissions has been 
s tudied  with two types of systems. The f i r s t  uses a noble metal monolithic oxida- 
t i o n  c a t a l y s t  t o  c o n t r o l  hydrocarbon and carbon monoxide emissions and exhaust gas 
r ecyc le  t o  l i m i t  n i t rogen  oxide emissions. 
configuration, wi th  a reduct ion  c a t a l y s t  f o r  n i t rogen  oxide con t ro l  followed by 
the  oxidation c a t a l y s t .  A i r  is in jec ted  between the two c a t a l y s t s  t o  convert  t h e  
exhaust gas t o  a n e t  ox id iz ing  composition. 

The oxida t ion  catalyst-EGR system was mounted on a 1973 vehic le  with a 
350 i n  
EGR system, gave emissions,  i n  g /vehic le  m i l e  as tes ted  on the  1975 Federal  T e s t  
Procedure, of 21.4 CO, 1 .3  HC, and 3.3 N&. Its f u e l  economy over the  same test 
cyc le  was 10.40 mi l e s  per  ga l lon .  
propor t iona l  EGR system, t h a t  is one responding d i r e c t l y  t o  the  exhaust gas flow 
rate, the  t e s t  veh ic l e  e a s i l y  m e t  t he  1976 s t a t u t o r y  CO and HC s tandards  of 3.4 
and 0.41 g/mile r e spec t ive ly .  With the timing advanced f o r  good f u e l  economy, no t  
only w a s  the  s tock  N4, emission l eve lma tched ,  bu t  a 7% ga in  i n  f u e l  economy was 
achieved. Retarding the timing lowered N 4 ,  emissions f u r t h e r ,  bu t  a t  some cos t  i n  
f u e l  economy. Work is continuing i n  an e f f o r t  t o  optimize the  f ac to r s  influencing 
the  N 4 (  emission-fuel economy trade-off w i th  t h i s  system. 

base car described above. I n  t h i s  case,  no EGR was used on the  modified c a r .  The 
reduct ion  c a t a l y s t  w a s  t h e  GEM reinforced Ni-Cu mate r i a l  made by Gould, Inc.  With 
the dua l  c a t a l y s t  
the primary determinant of f u e l  economy and N4, emissions. 
var ied  by a combination of a i r - fue l  r a t i o  and spark timing con t ro l .  
1976 standards f o r  CO and HC emissions were m e t  a t  a l l  temperatures, bu t  N 4 ,  w a s  
dependent on c a t a l y s t  temperature. 
llOO°F,, an emission level of 1.7 g/mile w a s  achieved, with f u e l  economy comparable 
t o  the  unmodified veh ic l e .  
bu t  a f u e l  economy d e b i t  of 4% w a s  incurred. 
of 0.4 g/mile was reached a t  1300"F., with a f u e l  economy d e b i t  of 10%. 

The second system is  a dua l  c a t a l y s t  

displacement engine.  The stock veh ic l e ,  equipped with a non-proportional 

As modified with oxidation c a t a l y s t s  and a 

The dua l  c a t a l y s t  system w a s  mounted i n  a 1973 veh ic l e  s imi l a r  to  the 

conf igura t ion ,  a s  described e a r l i e r ,  c a t a l y s t  temperature is 
The temperature w a s  

The s t a t u t o r y  

A t  an  average c a t a l y s t  temperature around 

A t  1200°F., N 4 ,  emissions were cont ro l led  t o  0.9 g/mile,  
F ina l ly ,  t he  1977 s t a t u t o r y  standard 
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IMPACT OF AUTOllOTIVE ZRENCS AND ENISSICNS REGULATIONS Of: GASOLI?:E DEPlAND. Dayton €1. 
C l e w e l l ,  Mobil O i l  Corpora t ion ,  150 Eas t  42nd S t r e e t ,  Kew York, N .  Y . ,  10017. 

W i l l i a m  J .  Koehl., Elobil Research and Development C o r p o r a t i u n ,  Research Department, 
Paulsboro  Labora tory ,  Paulsboro ,  N. J . ,  08066. 

Gasol ine  demand h a s  i n c r e a s e d  s t e a d i l y  i n  r e c e n t  y e a r s  because  of growth i n  v e h i c l e  
r e g i s t r a t i o n s  and miles t r a v e l e d  and because of t r e n d s  i n  vehl .c le  d e s i g n s  and equipment, 
among which emiss ion  c o n t r o l s  arc most n o t a b l e .  
p r o j e c t e d  t o  i n c r e a s e  about  50X, and maybe s u b s t a n t i a l l y  more dependfng on t h e  emiss ion  
c o n t r o l s  r e q u i r e d .  
a l l  forms, f o u r  a l t e r n a t i v e s  are explored  f o r  moderat ing t h e  growtn i n  deii,and f o r  
g a s o l i n e .  These a l t e r n a t i v e s  a r e :  (1) o p t i m i z i n g  the energy c o s t  of v e h i c l e  emiss ion  
s t a n d a r d s  a g a i n s t  t h e  emiss ions  r e d u c t i o n  needed t o  a c h i e v e  t h e  ambient a i r  q u a l i t y  
s t a n d a r d s ;  (2 )  i n c r e a s i n g  t h e  u s e  of smaller, more economical  c a r s ;  (3 )  u s i n g  more 
e f f i c i e n t  engines ;  and ( 4 )  i n c r e a s i n g  t h e  u s e  of  p u b l i c  t r a n s p o r t a t i o n .  Each can con- 
t r i b u t e  t o  energy c o n s e r v a t i o n ;  no one is t h e  whole answer.  
s t a n d a r d s  czn be  a s s u r e d  by prompt government a c t i o n .  
a l r e a d y  growing. 
t r a n s p o r t a t i o n  could  be  most b e n e f i c i a l  i n  m e t r o p o l i t a n  a r e a s .  

Through 1985, g a s o l i n e  demand i s  

In view of i n c r e a s i n g  demand and t i g h t e n i c g  s u p p l i e s  fc,r m e r g y  i n  

The b e n e f i t s  of optimum 

Mass 
The t r e n d  toward s m a l l e r  c a r s  is 

1t . t roduct ion  of a l t e r n a t e  e n g i n e s  r e q u i r e s  a l o n g  l e a d  t i m e .  
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I N F L U E N C E  O F F U E L  COMPOSITION ON TOTAL ENERGY RESOURCES 
W. A. Bailey, Jr. and G.  P. Hinds, Jr. 

She l l  Development Company, MTM Process R&D Laboratory, P.O.Box 100, Deer Park, Tx 77536 

Combustion f u e l s  a r e  e s s e n t i a l l y  l imi t ed  t o  compounds of carbon, hydrogen and oxy- 
gen by the  requirement t h a t  combustion products be non-offensive and biodegradable. 
Proper t ies  of these compounds a r e  determined by t h e i r  chemical s t r u c t u r e ,  bu t  can of ten  
be r e l a t ed  i n  a gross way t o  t h e i r  hydrogen t o  carbon r a t i o .  The qua l i t y  of f u e l s  f o r  
continuous combustion decreases  with the hydrogen t o  carbon r a t i o ,  and the  hydrogen con- 
t e n t  of a crude pe t ro l& l h f t b  th heun t s -e f ' p reEer red  fue l  oils tha t  can be mide 
from i t .  A l s o ,  t he  removal of impur i t ies  such as s u l f u r ,  n i t rogen ,  e t c . ,  from fue l s  a t  
present requi res  t he  use of hydrogen. Other po ten t i a l  raw mater ia l s  - sha le ,  coa l ,  e t c .  
- are poorer i n  hydrogen, and thus f u t u r e  f u e l  manufacture w i l l  r equ i r e  t h e  manufacture 
of t h i s  element i n  r e l a t i v e l y  pure form. 

The production of hydrogen from water,  the  most probable source,  requi res  the  
expenditure of energy, and thus  improving f u e l  qua l i t y  reduces t h e  t o t a l  energy re- 
sources a v a i l a b i l i t y .  For va r ious  s p e c i f i c  s i t u a t i o n s ,  e.g. ,  coa l  conversion, the  
magnitude of t h i s  e f f e c t  can be  ca lcu la ted ,  and these  ca l cu la t ions  may a i d  in  
emphasizing areas of d e s i r a b l e  compromises among f u e l  qua l i t y ,  combustor or engine 
design, and emission r egu la t ions .  
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Low Emissions Combustion Engines 
f o r  Motor Vehicles 

Henry K. Newhall 

Chevron Research Company 
Richmond, Cal i fornia  94802 

During the pas t  10-15 years ,  very s ign i f i can t  advances i n  con- 
t r o l l i n g  exhaust emissions from automobile power p lan ts  have been made. 
I n i t i a l l y ,  emissions reductions were achieved through ca re fu l  readjust-  
ment and cont ro l  of engine operating conditions (1). More recent ly ,  
highly e f f ec t ive  exhaust treatment devices requir ing a minimum of basic 
modification t o  the  a l ready  highly developed i n t e r n a l  combustion engine 
have been demonstrated. These a r e  based on thermal and/or c a t a l y t i c  
oxidation of hydrocarbons ( H C )  and carbon monoxide ( C O )  i n  the engine 
exhaust system (2,3 ,4). Nitrogen oxide (NOx) emissions have been 
reduced t o  some exten t  through a combination of re tarded ign i t ion  timing 
and exhaust gas r ec i r cu la t ion  ( E G R ) ,  both f ac to r s  serving t o  diminish 
seve r i ty  of t he  combustion process temperature-time h i s to ry  without sub- 
s t a n t i a l l y  a l t e r i n g  design of the basic  engine (5) .  

Basic combustion process modification as an  a l t e r n a t i v e  means 
f o r  emissions cont ro l  has received l e s s  a t t en t ion  than the  foregoing 
techniques,  though it has been demonstrated t h a t  c e r t a i n  modified com- 
bust ion systems can i n  pr inc ip le  y ie ld  s ign i f i can t  po l lu tan t  reductions 
without need f o r  exhaust treatment devices ex terna l  t o  the  engine. 1 Additionally,  it has been demonstrated t h a t  when compared with conven- 

1 t i o n a l  engines cont ro l led  t o  low emissions l eve l s ,  modified combustion 
processes can o f f e r  improved f u e l  economy. 

Nearly a l l  such modifications involve engine designs permitt- 
ing combustion of fue l - a i r  mixtures lean beyond normal ign i t i on  l i m i t s .  

with extremely lean  cornbustion tend t o  l i m i t  the  r a t e  of n i t r i c  oxide 
(NO) formation and, hence, the emission of NOx. A t  the  same time, the 
r e l a t i v e l y  high oxygen content of lean mixture combustion products tends 
t o  promote complete oxidation o f  unburned HC and CO provided t h a t  com- 
bust ion gas temperatures a r e  s u f f i c i e n t l y  high during l a t e  port ions af 
the engine cycle. 

The purpose of t h i s  paper is t o  present  an  ove ra l l  review of 
the  underlying concepts and cur ren t  s t a t u s  of unconventional engines 
employing modified combustion as  a means f o r  emissions cont ro l .  
Detailed f indings r e l a t ed  t o  spec i f i c  power p lan ts  o r  t o  spec i f i c  appli- 
ca t ions  w i l l  be t r ea t ed  by the  papers which follow. 

emissions standards l eg i s l a t ed  f o r  the ears  1975 and 1976. As a r e su l t  
of Environmental Protect ion Agency (EPAY ac t ions  suspending the  1975 HC 
and CO standards and the  1976 NOx standard, severa l  s e t s  of values 
e x i s t .  These a r e  l i s t e d  i n  Table I and i n  the  t e x t  w i l l  be referenced 
e i t h e r  as  s t a tu to ry  (o r ig ina l  standards as  s e t  by the  Clean A i r  A c t  

/' 

I A s  w i l l  be shown, decreased mean combustion temperatures associated 

I 
I 

Throughout the  paper exhaust emissions w i l l  be compared with 

I Amendment of 1970) o r  as  inter im standards a s  s e t  by the  EPA. 
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Theoretical  Basis f o r  
Combustion Modification 

of the r a t e  of NO formation i n  combustion processes under conditions 
t y p i c a l  of engine operation. This f igu re  demonstrates two major points  
r e l a t ed  t o  con t ro l  of N k  emissions: F i r s t ,  the  slow rate of NO forma- 
t i o n  r e l a t i v e  t o  the  rates of major combustion reac t ions  responsible 
f o r  heat re lease  and, second, the s t rong  influence of fue l -a i r  equiva- 
lence r a t i o  on the  rate of NO formation. 

reac tors"  have shown t h a t  hydrocarbon-air combustion r a t e s  can be cor- 
r e l a t ed  by an expression of the form 

Figure 1 has been derived from experimental measurements (6)  

Experimental combustion s tud ie s  ( 7 )  employing "wel l -s t i r red 

N Gram-Moles/LLter-Second 
A t m l . 8  - =  v p1.s 

where : 

N = moles reac tan ts  consumed per  second 
V = combustion volume 
p = t o t a l  pressure 

For condi t ions typ ica l  of engine operation, t h i s  expression 
y i e lds  a time of approximately 0.1 IUS f o r  completion of major hea t  
re lease  react ions following ign i t ion  of a loca l ized  parce l  of fue l - a i r  
mixture within the  combustion chamber. Comparison w i t h  Figure 1 shows 
t h a t  t h e  time required f o r  formation of s ign i f i can t  amounts of NO i n  
combustion gases is a t  least a f ac to r  of 10 g rea t e r .  Thus, i n  prin- 
c ip l e ,  energy conversion can be e f fec ted  i n  times much shor te r  than 
required fo r  NO formation. In  the  conventional spark ign i t ion  engine, 
the r e l a t i v e l y  lengthy flame t r a v e l  process permits combustion products 
t o  remain a t  high temperatures s u f f i c i e n t l y  long t h a t  considerable NO 
formation occurs. 

that maximum r a t e s  of NO formation a r e  observed at  fue l - a i r  equivalence 
r a t i o s  around 0.9 ( f u e l  l ean ) .  For r i che r  mixtures, the concentrations 
of atomic and diatomic oxygen, which pa r t i c ipa t e  a s  reac tan ts  i n  the 
formation of NO i n  combustion gases, decrease. On the  other  hand, f o r  
mixtures leaner  than approximately 0.9 equivalence r a t i o ,  decreasing 
combustion temperatures r e s u l t  i n  lower NO formation r a t e s .  

t i on .  0 e ra t ion  w i t h  extremely rich fue l - a i r  mixtures (Point A of 
Figure 27, of course, r e s u l t s  i n  low N& emissions s ince  the  maximum 
chemical equilibrium NO l e v e l  is grea t ly  reduced under such conditions. 
However, the r e s u l t a n t  pena l t ies  i n  terms of impaired f u e l  economy and 
excessive HC and CO emissions a r e  wel l  known. A n  a l t e r n a t i v e  is opera- 
t i o n  wi th  extremely l ean  mixtures (Point B), l ean  beyond normal ign i t ion  
limits. Combustion under such conditions can lead t o  low N& emissions 
while a t  the  same t i m e  providing an excess of oxygen f o r  complete com- 
bust ion of CO and HC. 

Operation of i n t e r n a l  combustion engines wi th  extremely lean 
ove ra l l  fue l - a i r  r a t i o s  has been achieved i n  severa l  ways, employing a 
number of d i f f e r i n g  combustion chamber configurat ions.  One approach 

Figure 2,  which consol idates  t he  da ta  of Figure 1, indicates  

Figure 2 serves  a s  a basis f o r  combustion process modifica- 
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involves ign i t i on  of a very small and loca l ized  quant i ty  of fue l - r ich  
and ign i t ab le  mixture (Point  A of Figure 2 ) ,  which i n  tu rn  serves  t o  
inflame a much l a rge r  quant i ty  of surrounding fue l - a i r  mixture too lean 
f o r  i gn i t i on  under normal circumstances. The bulk or average f u e l - a i r  
r a t i o  f o r  t he  process corresponds t o  Point B of Figure 2 ;  and, as  a 
consequence, reduced exhaust emissions should r e s u l t .  

process. An i n i t i a l  r i c h  mixture s tage  i n  which major combustion reac- 
t i ons  a r e  ca r r i ed  out  i s  followed by extremely rapid mixing of r i ch  
mixture combustion products w i t h  d i lu t ion  air .  The t r a n s i t i o n  from 
i n i t i a l  Point A t o  f i n a l  Point B i n  Figure 2 i s ,  i n  p r inc ip l e ,  su f f i -  
c i e n t l y  rapid tha t  l i t t l e  opportunity f o r  NO formation e x i s t s .  Implici t  
here is  u t i l i z a t i o n  of t he  concept t ha t  t h e  heat re lease  reac t ions  
involved i n  the t r a n s i t i o n  from Point A t o  Point B can be ca r r i ed  out 
so rapidly that time is not ava i l ab le  f o r  formation of s i g n i f i c a n t  
amounts of NO. 

A second approach involves timed s tag ing  of the  combustion 

1 

the  subsequent compression s t roke  nears completion, f u e l  i s  in jec ted  
i n t o  and mixes wi th  an element of swir l ing  a i r  charge. This i n i t i a l  
fue l - a i r  mixture i s  spark ign i t ed ,  and a flame zone is es tab l i shed  down- 
stream from the nozzle. As i n j ec t ion  continues, fue l - a i r  mixture is 
continuously swept i n t o  the  flame zone. The t o t a l  quant i ty  of f u e l  con- 
sumed per cycle and, hence, engine power output ,  a r e  cont ro l led  by vary- 

1 

\ 

I 

Reciprocating spark ign i t i on  engines designed t o  exp lo i t  the  
foregoing ideas  a r e  usua l ly  ca l l ed  s t r a t i f i e d  charge engines, a term 
genera l ly  applied t o  a l a rge  number of designs encompassing a wide  
spectrum of basic  combustion processes. 
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mixture. Flame propagation proceeds outward from the  point  of i gn i t i on  
through the  leaner por t ions  of the combustion chamber. 

of CO, pr imari ly  a r e s u l t  of lean  mixture combustion. Unburned HC and 
N& emissions have been found t o  be lower than those typ ica l  of uncon- 
t r o l l e d  conventional engines, but i t  appears t h a t  add i t iona l  cont ro l  
measures a re  required t o  meet s t a t u t o r y  1976 Federal emissions standards. 

ment of low emissions TCCS and PROCO power p lan ts  f o r  l ight-duty Mi l i ta ry  
vehicles .  
cy l inder ,  70-hp I,-141 Jeep engine. The vehicles  i n  which these engines 
were placed were equipped with oxidizing c a t a l y s t s  f o r  added cont ro l  of 
HC and CO emissions, and EGR was used as an add i t iona l  measure for con- 
t r o l  of NOx. 

Results of emissions t e s t s  on Mi l i ta ry  Jeep vehicles  equipped 
with TCCS and PROCO engines are l i s t e d  i n  Table I1 (10).  A t  low mileage 
these vehicles  met t he  s t a t u t o r y  1976 emissions s tandards.  Deteriora- 
t i o n  problems r e l a t ed  t o  HC emission would be expected t o  be similar t o  
those of conventional engines equipped with oxidizing ca t a lys t s .  This 
i s  evidenced by t h e  increase  in HC emissions with mileage shown by 
Table 11. NOx and CO emissions appear t o  have remained below 1976 
l eve l s  with mileage accumulation. 

passenger car  vehicles  equipped with PROCO engine conversions (10). 
These i n s t a l l a t i o n s  included noble metal c a t a l y s t s  and EGR f o r  added 
con t ro l  of HC and NOx emissions, respect ively.  A l l  vehicles  met t he  
s t a t u t o r y  1976 standards a t  low mileage. Fbel consumption da ta ,  as 
shown i n  Table 111, appear favorable when contrasted with t h e  f u e l  
economy f o r  cur ren t  production vehicles  of similar weight. 

s t a n t i a l l y .  The TCCS concept was i n i t i a l l y  developed f o r  mul t i fue l  
capabi l i ty ;  a s  a consequence, t h i s  engine does not have a s ign i f i can t  
octane requirement and i s  f l ex ib l e  with regard t o  f u e l  requirements. 
In  t h e  PROCO engine combustion chamber, an end gas region does e x i s t  
p r io r  t o  completion of combustion; and, as a consequence, t h i s  engine 
has a f i n i t e  octane requirement. 

Prechamber S t r a t i f i e d  
Charge Engines 

A number of designs achieve charge s t r a t i f i c a t i o n  through 
d iv is ion  of the combustion region i n t o  two adjacent  chambers. The emis- 
s ions reduction p o t e n t i a l  f o r  two types o f  dual-chamber engines has 
been demonstrattd. 
chamber engine, a small aux i l i a ry  or  i gn i t i on  chamber equipped with a 
spark plug communicates with t h e  much l a rge r  main combustion chamber 
loca ted  i n  the space above the  p is ton  (Figure 5) .  
t yp ica l ly  contains 5-15% of t h e  t o t a l  combustion volume. In  operat ion 
O f  t h i s  type of engine, t he  prechamber i s  supplied with a small quant i ty  
of fue l - r i ch  ign i t ab le  fue l - a i r  mixture while a very lean  and normally 
unigni table  mixture I s  supplied t o  t h e  main chamber above the  pis ton.  
Expansion of high temperature flame products from the  prechamber leads 
t o  i g n i t i o n  and burning of t h e  lean maln chamber fue l - a i r  charge. 

Both t h e  TCCS and PROCO engines a r e  inherent ly  low emit ters  

The U.S. Army Tank Automotive Command has sponsored develop- 

These power p l a n t s  have been based on conversion of the 4- 

Table I11 presents  emissions da ta  a t  low mileage f o r  severa l  

Fuel requirements f o r  the TCCS and PROCO engines d i f f e r  sub- 

F i r s t ,  i n  a design t r a d i t i o n a l l y  c a l l e d  the  "pre- 

The prechamber 
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The prechamber s t r a t i f i e d  charge en ine  has ex is ted  i n  various 
forms f o r  many years. 
engine could perform very e f f i c i e n t l y  within a l imi ted  range of care- 
f u l l y  cont ro l led  operat ing conditions. Both fuel-injected and carbu- 
r e t ed  prechamber engines have been b u i l t .  A fuel-injected design 
i n i t i a l l y  conceived by Brodersen (12) w a s  t h e  subjec t  of extensive study 
a t  the  University of Rochester f o r  near ly  a decade (13,14). 
tuna te ly ,  the  University of Rochester work vias undertaken p r i o r  t o  wide- 
spread recognition of t he  automobile emissions problem; and, as a 
consequence, emissions c h a r a c t e r i s t i c s  of t he  Brodersen engine were not 
determined. enother prechamber engine receiving a t t e n t i o n  i n  the  ea r ly  
19601s is  t h a t  conceived by R. M. Heintz (15) .  The object ives  of t h i s  
design were reduced HC emissions, increased f u e l  economy, and more f lex-  
i b l e  f u e l  requirements. 

I n i t i a l  experimeits with a prechamber engine design ca l l ed  
“ the  torch  ign i t i on  engine were reported i n  the  U.S.S.R. by Nilov (16) 
and l a t e r  by Kerimov and Mekhtier (17). This designation r e f e r s  t o  the 
to rch l ike  jet  of hot combustion gases  i ssu ing  from t h e  precombustion 
chamber upon ign i t ion .  In the  Russian designs, the  o r i f i c e  betueen pre- 
chamber and main chamber is s i zed  t o  produce a high ve loc i ty  j e t  of com- 
bustion gases. I n  a recent  publication (18), Varshaoski e t  a l .  have 
presented emissions da ta  obtained with a torch  engine system. These 
da ta  show s ign i f i can t  po l lu t an t  reductions r e l a t i v e  t o  conventional 
engines; however, t h e i r  i n t e rp re t a t ion  i n  terms of requirements based 
on the  Federal emissions t e s t  procedure is  not c l ea r .  

Early work by Ricardo 711) indicated t h a t  t h e  

2 

Unfor- 

/ 

/ 

A carbureted three-valve prechamber engine, the  Honda Compound 
’ Vortex-Controlled Combustion (CVCC) system, has received considerable 

recent  publ ic i ty  as a p o t e n t i a l  low emissions gower p lan t  (19). T h i s  
system i s  i l l u s t r a t e d  schematically i n  Figure . Honda’s cur ren t  design 

1 employs a conventional engine block and p is ton  assembly. Only the  
cy l inder  head and f u e l  i n l e t  system d i f f e r  from cur ren t  automotive prac- 
t i c e .  Each cyl inder  i s  equipped with a small precombustion chamber com- 
municating by neans of an o r i f i c e  w i t h  t h e  main combustion chamber 1 
s i t u a t e d  above t h e  pis ton.  A small i n l e t  valve is  located i n  each pre- 
chamber. Larger i n l e t  and exhaust valves typ ica l  of conventional auto- 
motive prac t ice  a r e  loca ted  i n  t h e  main combustion chamber. h o p e r  
proportioning of f u e l - a i r  mixture between prechamber and main chariber is  
achieved by a combination of t h r o t t l e  con t ro l  and appropriate i n l e t  
valve t i m i n g .  I n l e t  po r t s  and valves a r e  or iented t o  provLde spec i f i c  
l eve l s  of a i r  s w i r l  and turbulence in t h e  combustion chamber. I n  t h i s  
way, a r e l a t ive ly  slow and uniform burning process giving r i s e  t o  
elevated combustion temperatures l a t e  i n  the  expansion s t roke  and during 
the  exhaust process i s  achieved. High temperatures i n  t h i s  p a r t  of the  
engine cycle  a r e  necessary t o  promote complete oxidat ion of HC and CO. 
It should be noted t h a t  these elevated temperatures a r e  necessar i ly  
obtained a t  the expense of a f u e l  economy penalty. 

very promising. The emissions l eve l s  shown i n  Table IV f o r  a number of 
l ightweight  Honda Civic vehicles  a r e  typ ica l  and demonstrate that the  
Honda engine can meet s t a t u t o r y  1975-1976 HC and CO s tandards and can 

tance,  du rab i l i t y  of t h i s  sys-cem appears exce l len t  as evidenced by t h e  
high mileage emissions l eve l s  reported i n  Table IV. The noted deter io-  
r a t i o n  of emissions after ~0,000-50,000 miles of engine operation was 
s l i g h t  and apparently in s ign i f i can t .  

1. 
i 

Results of emissions tests with t h e  Honda engine have been 
t 
I 

I approach the s t a t u t o r y  1976 NOx standard (10). O f  p a r t i c u l a r  impor- 

I 
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Recently, t h e  EPA has t e s t ed  a larger vehicle  converted t o  the  
Handa system ( 2 0 ) .  T h i s  vehic le ,  a 1973 Chevrolet Impala  w i t h  a 350-CID 
V-8 engine, was equipped wi th  cyl inder  heads and induction system of 
Honda manufacture. Test  r e s u l t s  a r e  presented i n  Table V fo r  low 
vehic le  mileage. The vehicle  m e t  t h e  present  1976 in te r im Federal emis- 
s ions  s tandards though NOx l eve l s  were subs t an t i a l ly  higher than f o r  t he  
much l i g h t e r  weight Honda Civic vehicles .  

when operated at low emissions leve ls ,  i s  somewhat poorer than  that 
t y p i c a l  of well-designed conventional engines operated without emissions 
cont ro ls .  However, EPA data f o r  t h e  Chevrolet Impala conversion show 
that e f f ic iency  of t h e  CVCC engine meeting 1975-1976 in te r im standards 
w a s  comparable t o  o r  s l i g h t l y  better than  tha t  of 1973 production 
engines of similar s i z e  operating i n  vehic les  of comparable weight. It 
has  been s t a t e d  by automobile manufacturers that use of exhaust oxidation 
c a t a l y s t s  beginning i n  1975 w i l l  r e s u l t  i n  improved f u e l  economy r e l a t i v e  
t o  1973 production vehic les .  I n  th i s  event f u e l  economy of ca t a lys t -  
equipped conventional engines should be at l e a s t  as good as that of the  
CVCC system. 

The apparent e f f e c t  of vehicle  s i z e  (more prec ise ly  t h e  r a t i o  
of vehic le  weight t o  engine cubic inch displacement) on NOx emissions 
from t h e  Honda engine conversions demonstrates t h e  genera l ly  expected 
response of NOx emissions t o  increased spec i f i c  power demand from t h i s  
type of engine. For a given engine cubic inch displacement, maximum 
power output can be achieved only by enriching the  ove ra l l  fue l - a i r  m i x -  
t u r e  r a t i o  t o  nea r ly  s to ich iometr ic  pro-portions and at t h e  same t i m e  
advancing ign i t ion  t iming t o  t h e  MBT point .  Both f ac to r s  give r i s e  t o  
increased NOx emissions. This behavior i s  evidenced by Table V I ,  which 
presente s teady s t a t e  emissions data f o r  t he  Honda conversion of the  
Chevrolet Impala ( 2 0 ) .  A t  l i g h t  loads,  NOx emissions a r e  below o r  
roughly comparable t o  emissions from a conventionally powered 193 
Impala. This s tock  vehic le  employs EGR t o  meet t h e  1973 NOx standard. 
It i s  noted i n  Table VI t h a t  f o r  t h e  heaviest  load condition reported, 
the 60-mph c ru i se ,  NOx emissions from t h e  Honda conversion approached 
twice t h e  l eve l  of emissions from t h e  s tock vehicles. This po in ts  t o  
t h e  f a c t  t h a t  i n  s i z i n g  en ines  f o r  a spec i f i c  vehicle  appl ica t ion ,  t he  
decreased a i r  u t i l i z a t i o n  ?and hence spec i f i c  power output)  of t h e  pre- 
chamber engine when operated under low emissions condi t ions must be 
taken i n t o  consideration. 
Divided-Chamber Staged 
Combustion Engine 

Dutl-chamber engines of anEther type, o f ten  c a l l e d  "divided- 
chamber" or large-volume prechamber engines, employ a two-stage com- 
bustion process. Here i n i t i a l  r i c h  mixture combustion and hea t  re lease  
( f i rs t  s tage of combustion) a r e  followed by r a p i d  d i lu t ion  of combustion 
products w i t h  r e l a t i v e l y  low temperature a i r  (second s tage  of combus- 
t i o n ) .  I n  terms of t h e  concepts previously developed, t h i s  process i s  
i n i t i a t e d  in t h e  v i c i n i t y  of  Point A of Figure 2. Subsequent mixing of 
combustion products w i t h  a i r  i s  represented by a t r a n s i t i o n  from Point A 
t o  Point E. The ob jec t  of t h i s  engine design i s  t o  e f f e c t  t h e  t r a n s i -  
t i o n  from Point A t o  Point E w i t h  s u f f i c i e n t  speed t h a t  time i s  not 
ava i l ab le  f o r  formation of s ign i f i can t  quan t i t i e s  of NO. During the  
second low temperature s tage  of combustion (Point  B) , oxidation of HC 
and CO goes t o  completion. 

Fuel economy data ind ica t e  t ha t  e f f ic iency  of t h e  Honda engine, 

\ 

i 

1 
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t he  secondary combustion chamber (21, which includes the cy l inder  volume 
above the  p is ton  top. 
primar chamber only. In jec t ion  timing i s  arranged such t h a t  f u e l  
c o n t d  ously mixes with a i r  en te r ing  the primary chamber during the  com- 
pression s t roke.  A t  t he  end of compression, a s  t he  p is ton  nears  i t s  top 
centar  pos i t ion ,  the  primary chamber contains an ign i t ab le  fue l - a i r  
mixture while t he  secondary chamber adjacent t o  the  p is ton  top  contains 
only air. Following ign i t ion  of t he  primary chamber mixture by a spark 
plug (6)  located near t he  dividing o r i f i c e ,  high temperature r i c h  mix- 
t u re  combustion products expand rap id ly  i n t o  and mix with t h e  r e l a t i v e l y  
cool air contained i n  $he secondary chamber. The r e su l t i ng  d i l u t i o n  of 
combustion products with at tendant  temperature reduction rap id ly  sup- 
presses  formation of NO. A t  the  same time, the  presence of excess air 
i n  the  secondary chamber tends t o  promote complete oxidation of HC and 
co. 

Results of l imi ted  research conducted both by un ive r s i ty  and 
i n d u s t r i a l  l abora tor ies  ind ica te  t h a t  NOx reduct ions of as  much a s  
80-95s r e l a t i v e  t o  conventional engines a r e  possible  w i t h  t h e  divided- 
chamber staged combustion process. Typical experimentally determined 
NOx emissions l eve l s  are presented i n  Figure 8 ( 2 3 ) .  
f o r  two d i f f e ren t  divided-chamber configurat ions a r e  compared with 
t y p i c a l  emissions l eve l s  f o r  conventional uncontrolled automobile 
engines. 
represents  the  f r ac t ion  of t o t a l  combustion volume contained i n  the  
primary chamber. For R values approaching 0.5 o r  lower, NOX emissions 
reach extremely low l eve l s .  However, maximum power output capab i l i t y  
f o r  a given engine s i z e  decreases with decreasing E values. Optimum 
primary chamber volume must u l t imate ly  represent a compromise between 
low emissions l eve l s  and desired maximum power output .  

engine a re  subs t an t i a l ly  lower than conventional engine l eve l s .  How- 
ever, fu r the r  de t a i l ed  work with combustion chamber geometries and f u e l  
i n j ec t ion  systems w i l l  be necessary t o  f u l l y  evaluate  the  p o t e n t i a l  for  
reduction of these emissions. Table V I 1  presents  r e s u l t s  of tests c i t ed  
by the  National Academy of Sciences (10) .  

Emissions from the  divided-chamber engine a r e  compared w i t h  
those from a laboratory PROCO s t r a t i f i e d  charge engine, the comparison 
being made at  equal l eve l s  of NOx emissions. NOx emissions were con- 
t r o l l e d  t o  spec i f i c  l eve l s  by addi t ion  of EGR t o  the PROCO engine and 
by adjustment of operating parameters f o r  the  divided-chamber engine. 
These data  ind ica te  t h a t  the  divided-chamber engine i s  capable of 
achieving very low N& emissions w i t h  r e l a t i v e l y  low HC and CO emissions. 

As shown by Table V I I ,  f u e l  economy of the  divided-chamber 
staged combustion engine i~ comparable t o  t h a t  of conventional pis ton 
engines without emissions cont ro ls .  When compared wi th  conventional 
p i s ton  engines cont ro l led  t o  equivalent low NOX emissions l eve l s ,  the 
divided-chamber engine i s  superior  i n  terms of f u e l  economy. 

The Diesel  W i n e  

The d i e s e l  engine can be viewed a s  a highly developed form 
of s t r a t i f i e d  charge engine. Combustion i s  i n i t i a t e d  by compression 
ign i t ion  of a small quant i ty  of fue l - a i r  mixture formed j u s t  a f t e r  the  
beginning of f u e l  in jec t ion .  Subsequently, in jec ted  f u e l  i s  burned i n  

A f u e l  i n j ec to r  ( 4 )  suppl ies  f u e l  t o  t h e  
1 

i 

Here NOx emissions 
I'  i 

/ 
The volume r a t i o ,  8 ,  appearing a s  a parameter i n  Figure 8, 

HC and pa r t i cu la r ly  CO emissions from the  divided-chamber 

J 
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a heterogeneous d i f fus ion  flame. Overall  fue l - a i r  r a t i o s  i n  d i e s e l  
engine operation a r e  usua l ly  extremely f u e l  lean.  However, major com- 
bust ion react ions occur l o c a l l y  i n  combustion chamber regions contain- 
ing fue l -a i r  mixtures i n  the  v i c i n i t y  of s toichiometr ic  proportions.  

The conventional d i e s e l  engine i s  character ized by low l e v e l s  
of CO and l i g h t  HC emissions,  a r e s u l t  of lean mixture operation. On 
a u n i t  power output basis, N C x  emissions from d i e s e l  engines a r e  
typ ica l ly  lower than those of uncontrolled gasol ine engines, a combined 
r e s u l t  of d i f fus ion  combustion and, i n  an approximate sense, low mean 
combustion temperatures.  
d i e s e l  combustion has shown that NO formation occurs pr imari ly  i n  corn- 
bust ion products formed e a r l y  i n  the  combustion process, with the  l a t e r  
port ions of dif fusion-control led combustion cont r ibu t ing  subs t an t i a l ly  
Jess (24 ) .  

Work devoted t o  mathematical simulation of 

Table V I 1 1  p resents  emissions l eve l s  f o r  th ree  diesel-powered 
passenger cars  as reported by t h e  EPA (25). 
Mercedes 220D, Ope1 Rekord 2100D, and Peugeot 504D, were powered by 
4-cylinder en ines  ranging i n  s i z e  from 1.26-134 C I D  w i t h  power r a t ings  
ranging from 85-68 bhp. 
of meeting the 1975 s t a t u t o r y  emissions standards. NOX emissions were 
i n  excess of t he  o r i g i n a l  Federal  1976 standards but were w e l l  within 
present  inter im standards.  

and odorant emissions, both of which could be important problems w i t h  
widespread d i e s e l  engine use in automobiles. Complete assessment of 
the environmental p o t e n t i a l  f o r  the  d i e s e l  engine would have t o  include 
consideration of these  f ac to r s  a s  wel l  as emission of polynuclear 
aromatic hydrocarbons. A l l  a r e  the  subjec t  of ongoing research. 

These vehic les ,  a 

'\ "WO of the  diesel-powered vehicles  were capable 

The preceding data do not include information on pa r t i cu la t e  

Fuel economy data  re fer red  t o  both 1972 and 1975 Federal t e s t  
procedures a re  presented i n  Table V I I I .  As expected, d i e s e l  engine f u e l  
economies a re  exce l l en t  when compared with gasol ine engine values. How- 
ever ,  a more accurate  appra i sa l  would probably require  comparison a t  
equal vehicle performance leve ls .  Power-to-weight r a t i o s  and, hence, 
accelerat ion times and top  speeds f o r  t he  diesel vehicles  c i t e d  above 
are in fe r io r  t o  values expected i n  typ ica l  gasoline-powered vehicles .  

\ 

Gas Turbine, S t i r l i n g  Cycle, 
and Rankine Cycle Engines 

Gas tu rb ine ,  S t i r l i n g  cycle ,  and Rankine engines a l l  employ 
steady flow o r  continuous combustion processes operated with fuel- lean 
ove ra l l  mixture r a t i o s .  In  a s t r i c t  sense, t h e  gas turb ine  is an 
i n t e r n a l  combustion engine s ince  high temperature combustion products 
serve a s  the cycle working f l u i d .  Rankine and S t i r l i n g  engines a r e  
ex terna l  combustion devices wi th  heat exchanged between high tempera- 
t u r e  combustion gases and the  enclosed cycle working f l u i d .  

t i o n  pis ton engines,  t h e  major obstacles  related t o  use of continuous 
combustion power p l an t s  a r e  i n  the  a reas  of manufacturing cos ts ,  dura- 
b i l i t y ,  vehicle performance, and f u e l  economy. The problem of exhaust 
emissions, which involves pr imari ly  the  combustion process, has been 
l e s s  s ign i f i can t  than the  foregoing items. 

I n  cont ras t  t o  the  s i t u a t i o n  w i t h  conventional spark igni- 

I 
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A s  a consequence of lean combustion, these continuous combus- 
t i o n  power p lan ts  a r e  character ized by low HC and CO emissions. 
inves t iga tors  have reported data ind ica t ing  t h a t  ex is t ing  combustion 
systems a r e  capable of approaching o r  meeti 
vehicle emissions standards f o r  HC and CO (%,27). 

than those of conventional uncontrolled gasol ine engines. However, it 
has been shown t h a t  ex i s t ing  combustors probably w i l l  not meet the 
s t a tu to ry  1976 N k  standard when i n s t a l l e d  i n  motor vehicles  (26) .  

found t o  r e s u l t  from the  presence of high temperature zones w i t h  l o c a l  
fue l - a i r  r a t i o s  in t h e  v i c i n i t y  of s toichiometr ic  condi t ions.  
Approaches suggested f o r  minimizing NOx formation have Fnvolved reduc- 
t i o n  of t h e s e  loca l ized  peak temperatures through such techniques a s  
rad ia t ion  cooling, water i n j ec t ion ,  and primary zone a i r  i n j ec t ion .  
Other approaches include lean mixture primary zone combustion such t h a t  
l o c a l  maximum temperatures f a l l  below l eve l s  required f o r  s ign i f i can t  
NO formation. Laboratory gas turbine combustors employing severa l  of 
these approaches have demonstrated the  po ten t i a l  f o r  meeting the  1976 
standards (28) .  With a laboratory S t i r l i n g  engine combustor, Phi l ips  
has measured simulated Federal  vehicle  test  procedure emissions leve ls  
well  below 1976 s t a tu to ry  l eve l s  (29) .  

Conclusion 

A s  an a l t e rna t ive  t o  the  conventional i n t e r n a l  combustion 
engine equipped w i t h  exhaust treatment devices, modified combustion 
engines can, i n  pr inc ip le ,  y ie ld  la rge  reductions i n  vehicle  exhaust 
emissions. Such modifications include s t ra t i f ied charge engines of 
both open and dual chamber design. On an experimental bas i s ,  prototype 
s t r a t i f i e d  charge engines have achieved low exhaust emissions w i t h  f ue l  
economy superior  t o  t h a t  of conventional engines cont ro l led  t o  s imi la r  
emissions leve ls .  

The d i e s e l  engine i s  capable of achieving low leve ls  of l i g h t  
H C j  CO, and NOx emissions w i t h  exce l len t  fuel. economy. Poten t ia l  prob- 
lems associated with widespread d i e s e l  use i n  l igh t -duty  vehicles  a re  
i n i t i a l  cos t ,  l a rge  engine s i z e  and weight f o r  a given power output, 
the p o s s i b i l i t y  of excessive pa r t i cu la t e  and odorant emissions, and 
excessive engine noise. 

have the po ten t i a l  f o r  very low exhaust emissions. These include the  
gas turb ine ,  the Rankine engine, and the S t i r l i n g  engine. However, a t  
t he  present  time major problems In  the areas  of manufacturing cos t s ,  
r e l i a b i l i t y ,  du rab i l i t y ,  vehicle performance, and f u e l  economy must be 
overcome. A s  a consequence, these systems must be viewed as r e l a t i v e l y  
long range a l t e rna t ives  t o  the p is ton  engine. 
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Test 

Table V 

Emissions from Honda Compound 
Vortex-Controlled Combustion 

Conversion of 350-CID 
Chevrolet Impala (Reference 20)  

@;/Mile’ Fuel Economy, 
HC I CO I NOx mpg 

I I Emissions .1 I 

1 

4 

0.27 2.88 1.72 10.5 
0.23 5.01 1.95 11.2 
0.80 2.64 1.51 10.8 
0.32 2.79 1.68 10.2 

I I I I 1 
’1975 CVS C-H procedure, 5000-lb I n e r t i a  

‘Carburetor f l o a t  valve malfunctioning. 

=Engine s t a l l e d  on hot start  cycle. 

weight. 

k 

\ 

\ 
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Table VI 

Steady State missions from Honda Compound 
Vortex-Controlled Combustion Conversion of 

3 5 0 - C I D  Chevrolet Impala (Reference 20) 

I 

/ 



32 

c" d V O W  a 

oa oa 
U d  V d  
O b  o s  
€zg  Eg 

i 
\ 

\ 

\ 

"i 



33 

i 

I 

i 



34 

C 
0 

I 

\ 

\ 

\ 



35 

I 

i 

I 

1 -  
2 -  
3 -  
4 -  

Fuel Spray 
Fuel-Air Mixing Zone 
Flame Front Area 
Combustion Products 

Figure 3: Texaco-Controlled Combustion System (TCCS) 

Fuel Injector 
1 

Figure 4: Ford-Programmed Combustion (PROCO) System 

f 



Figure 5: Schematic Representation of 
Prechamber S t r a t i . f i e d  Charge 
Engine 

Figure 6 :  Honda CVCC Engine (Reference 19) 
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(4) Fuel Injector 

i 
J 
I 

I 

Figure 7 :  Schematic Representation of Divided 
Chamber Engine (Reference 21) 

MET Ignition Timing 
Wide Open Throttle 

Conventional 
Chamber 

Fraction of Total Combustion 
Volume i n  Primary Chamber 

Divided Chamber, p - 0.85 , 

0,ivided Chamber, p = 0.52 

-= ' I .I 1 
0.5 0.6 0.7 0.8 0.9 1.0 1.1 

O v e r a l l  F u e l - A i r  E q u i v a l e n c e  R a t i o  

Figure 8: Comparison of Conventional and 
Divided Combustion Chamber NqC 
Emissions (Reference 23) 
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TWO. CURRENT APPROACHES TO AUTOMOTIVE EMISSION CONTROL. I. N. Bishop and . 
J. H. Jones, Ford Motor Company, Oearborn, Michigan 48121 
With the ever t ightening requirements f o r  automotive emission control,  as especial ly 

regards the oxides o f  nitrogen, and the more recent increased need f o r  improved fue l  ecow 
omy, two unique variants o f  the spark i gn i ted  in ternal  combustion engine have been inves- 
t i ga ted  f o r  t he i r  potent ia l  i n  meeting these most important objectives. These engines 
are: 

#Fast Burn - A homogeneous charge mixture cycle engine which u t i l i z e s  maximum charge 
d i l u t i o n  f o r  NO control while maintaining the  combustion r a t e  and thus the engine 
e f f i c i ency  (fuef economy) through an increased level  o f  chamber turbulence. 

e n g i n e m  u t i l i z e s  the r ich/ lean combustion s t r a t i f i c a t i o n  scheme f o r  both NOx control 
and improved fuel economy. 

predic t ion o f  NOx levels, basic engine configuration and operating parameter studies con- 
ducted on an engine dynamometer, vehic le  evaluations o f  low mileage emission control 
capab i l i t i es ,  fue l  economy, performance and d r i v e a b i l i t y  and system d u r a b i l i t y  when sub- 
jetted t o  25,000 miles o f  the EPA mileage accumulation schedule. The resu l t s  o f  these 
investigations have led  t o  the conclusion t h a t  low NO leve ls  can be achieved with good 
d r i v e a b i l i t y  and a d e f i n i t e  improvement i n  f u e l  econob over conventional engine designs 
when ca l ibrated t o  the same emission levels. However, the hydrocarbon and carbon mon- 
oxide l eve l s  are extremely high and were not able t o  be contained even w i th  double the 
nominal cata lyst  volume. 

\ 
\ 

'PROCO (programed Combustion) - A d i r e c t  cyl inder, fue l  injected, s t r a t i f i e d  charge \ 
\ 

The investigations o f  these a l ternate power systems have included math modeling f o r  - 

1 
\ 

'' 

) 
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Title: Alternate Automotive Emission Control Systems 

ABSTRACT 

I 

i 

Automotive emission control systems have been developed to meet current 
and future exhaust emission standards with optimum fuel economy. 

The 1973-1974 U. S. vehicle emission standards were easily met with full 
size 1970 model sedans which were modified by changing combustion chamber, 
piston head, spark and valve timing, carburetion, and increasing the engine com- 
pression ratio. The acceleration performance and city/suburban fuel economy 
were improved over that of unmodified 1970 cars and were markedly better than 
comparable 1974 model vehicles. 

A 1971, 1 . 6  liter Pinto was equipped with the Du Pont Total Emission Control 
System (TECS) and driven 100,000 miles on leaded gasoline, It easily met interim 
Federal emission standards in effect for California for 1975. This emission control 
system used exhaust manifold thermal reactors, exhaust gas recirculation (EGR), 
and carburetor and spark timing modifications t o  control gaseous emissions. In 
road tests the Pinto low emission car gave 6 percent better fuel economy than com- 
parable 1973 models which met less stringent emission standards. This low emission 
vehicle was equipped with a muffler lead trap which reduced the total lead emissions 
by 84% without deterioration in efficiency over 100,000 miles. This emission control 
system has been used on standard sized vehicles equipped with V-8 engines with 
similar results. 

Both large and small vehicles have been equipped with catalytic exhaust emission 
control systems. The fuel economy of these vehicles designed to meet a range of 
emission standards have been determined. Potential advantages and disadvantages of 
the various systems with respect to fuel consumption are discussed. 
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Automotive.Engines f o r  t h e  1980's 

Robert W. Richardson 

Eaton Corporation. Southf ie ld ,  Michigan 

The rec ip roca t ing  p i s t o n  engine has  dominated t h e  automotive scene 
f o r  more than 60 yea r s  .and u n t i l  very r ecen t ly ,  a t  least t o  most 
r e a l i s t s ,  seemed u n l i k e l y  t o  ever  be displaced.  Although the  p i s ton  
engine has served its use r s  w e l l  f o r  many years and is  l i k e l y  t o  
continue t o  do so f o r  some t i m e  t o  come, it does have a number of 
shortcomings which a r e  becoming more s e r i o u s  a s  ever  g r e a t e r  numbers 
come i n t o  use and a s  w e  become enl ightened on s o c i a l  values.  It  is 
a major con t r ibu to r  t o  a i r  and no i se  po l lu t ion .  I t  is  a l s o  r e l a t i v e -  
l y  i n e f f i c i e n t  and h a s  a narrow f u e l  t o l e rance  consuming l a rge  amounts 
of highly r e f ined  petroleum. 

The e a r l y  phases of an expected long-term energy crisis a r e  now upon 
us. 
a r e  c e r t a i n  and r a t i o n i n g  l i k e l y  cannot be avoided. The need t o  
g r e a t l y  increase e f f i c i e n c y  r a t h e r  than t r a d e  off  e f f i c i e n c y  f o r  
emission con t ro l  i s  t h e r e f o r e  becoming more obvious. Before t h e  end 
of t h i s  century (which is  c l o s e r  than t h e  end of World War 11) petro-  
leum must l i k e l y  be replaced a s  t h e  dominant f u e l  f o r  mobile power- 
p l an t s .  

Although much p rogres s  has been made i n  reducing automotive emissions, 
it has been achieved a t  t h e  p r i c e  of increased f u e l  consumption. Much 
f u r t h e r  reduct ions i n  emissions are needed t o  m e e t  t he  requirements 
of t he  Clean A i r  A c t  of 1970. 
tance is  the i s s u e  of  no i se  po l lu t ion .  

The e r a  of abundant low c o s t  energy i s  over.  Much higher  p r i c e s  

Growing, b u t  of  somewhat lesser impor- 

Wankel, S t i r l i n g ,  t u rb ine ,  s t r a t i f i e d  charge and d i e s e l  engines a re  
the  most s e r ious  contenders t o  replace o r  supplement today 's  pis ton 
engines.  Electric v e h i c l e s  a r e  n o t  considered se r ious  contenders be- 
cause of g ross ly  inadequate technology,and steam engines have too  low 
an eff ic iency.  

I n  addi t ion t o  t h e  t h r e e  s o c i a l  parameters discussed previously,  t he re  
a r e  seven o the r  major engine s e l e c t i o n  parameters - f l e x i b i l i t y  
(torque-speed c h a r a c t e r i s t i c s  and d r i v e a b i l i t y ) ,  smoothness, c o s t ,  

weight, s i z e ,  maintenance requirements and d u r a b i l i t y .  Figure 1 lists 
these  parameters i n  order of importance f o r  passenger c a r s  a s  of 1973. 
A r r o w s  show t h e  importance of noise  and e spec ia l ly ,  f u e l  consumption 
r i s i n g  t o  l a t e  1970's  (and perhaps Mid-1970's) values.  The f i v e  con- 
t ende r s  a re  compared on these  t en  parameters with the  4-cycle gasol ine 
p i s t o n  engine. 

The Wankel, d e s p i t e  much r ecen t  f an fa re ,  has  l i t t l e  t o  o f f e r  i n  the 
three important s o c i a l  a r eas  and uses s u b s t a n t i a l l y  more f u e l .  It 
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is  a l s o  a more c o s t l y  and less f l e x i b l e  engine and has  poorer dura- 
b i l i t y  c h a r a c t e r i s t i c s .  

The Wankel is smaller  and l i g h t e r ,  b u t  nowhere near  a s  much a s  o f t en  
claimed. These advantages a r e  no t  r e a d i l y  conve r t ib l e  i n t o  major 
reduct ions i n  veh ic l e  s i z e  and weight. Design s t u d i e s  i n d i c a t e  t h a t  
s e v e r a l  of the most compact c a r s  using t r ansve r se  p i s t o n  engines 
would have t o  inc rease  i n  length i f  a Wankel engine were s u b s t i t u t e d .  

The tu rb ine  engine i s  q u i e t e r  and can have very low emission bu t  has 
higher  f u e l  consumption. I t  is  l i g h t e r ,  smoother and more f l e x i b l e ,  
should r equ i r e  less maintenance, b u t  i s  c o s t l y  and i t s  d u r a b i l i t y  
has  no t  been proven (automotive a p p l i c a t i o n ) .  The tu rb ine  r equ i r e s  
considerable  a d d i t i o n a l  development be fo re  it could e n t e r  volume 
production. 

The S t i r l i n g  engine has  t h e  lowest f u e l  consumption, lowest emissions,  
and the  lowest no i se  of any known engine. I t  i s  p o t e n t i a l l y  capable 
of burning any f u e l  s ince  it is an e x t e r n a l  combustion engine.  It  
i s  becoming inc reas ing ly  apparent t h a t  w e  must supplement or begin 
t o  r ep lace  petroleum consuming mobile powerplants within the  next  10 
t o  20 years .  The S t i r l i n g  engine a l s o  has  f l e x i b i l i t y ,  smoothness, 
maintenance and d u r a b i l i t y  advantages, b u t  tends t o  be somewhat bulky 
and cos t ly .  

The S t i r l i n g  engine is i n  an e a r l y  s t a t e  of development. Introduct ion 
i n  high volume production is no t  l i k e l y  u n t i l  a t  l e a s t  t he  e a r l y  t o  
Mid-1980's. 

S t r a t i f i e d  charge engines could be  introduced r e l a t i v e l y  quickly i n t o  
production as  it i s  a v a r i a t i o n  of t oday ' s  p i s ton  engine. The s t r a t -  
i f i e d  charge engine provides a better t r a d e  o f f  between f u e l  consump- 
t i o n  and exhaust emissions: t h e  engine appears t o  be capable of m e e t -  
i n g  the inter im 1975 and 1976 emissions s tandards while  equa l l ing  o r  
b e t t e r i n g  today 's  engines '  f u e l  economy. 

S t r a t i f i e d  charge engines have a disadvantage i n  t h a t  t h e i r  s p e c i f i c  
power output  i s  somewhat l e s s  than conventional engines,  r e s u l t i n g  i n  
lower performance c a r s  o r  an inc rease  i n  engine s i z e .  Ultimately t h i s  
disadvantage may be overcome by turbocharging b u t  a t  l e a s t  t he  f i r s t  
generat ion of s t r a t i f i e d  charge engines a r e  n o t  l i k e l y  t o  use turbo- 
chargers .  

D i e s e l  engines have low f u e l  consumption and low emissions of con- 
t r o l l e d  p o l l u t a n t s  b u t  high emission of smoke,odor and noise.  m e y  
r equ i r e  less maintenance and have a long l i f e  b u t  a r e  a t  a disadvan- 
t age  i n  a l l  o the r  c h a r a c t e r i s t i c s .  

On balance the re fo re ,  t he  s t r a t i f i e d  charge r ec ip roca t ing  engine 
appears t o  be t h e  leading near-term chal lenger  and t h e  S t i r l i n g  en- 
gine,  t h e  leading long-term contender.  
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Figure 2 i s  a composite c h a r t  showing our es t imated  range of probable 
market pene t ra t ion  of each engine type through 1985. The lower dark 
shaded band is f o r  t h e  Wankel. The maximum probable is  about 13% by 
1980 and 23% by 1985. The minimum probable  rises t o  3% i n  the  l a t e  
1970 ' s  gradual ly  f ad ing  away i n  t h e  ear ly-1980's .  Second, f o r  the  
t u r b i n e  and S t i r l i n g  engines  - penet ra t ion  again,  from none up t o  8%. 
The balance of  t h e  market, t he  r ec ip roca t ing  p i s ton  engine is obtained 
by sub t r ac t ing  the  sum of turb ine  and Wankel minimum and maximum pene- 
t r a t i o n s  from 100. I t .wou ld  have a market share  of a t  l e a s t  69% and 
could conceivably t ake  t h e  whole market i n  1985. The maximum p i s ton  
engine market sha re  i n  1980 is  97% due t o  t h e  f o r e c a s t  minimum Wankel 
pene t ra t ion .  The number of ca t a lys t - con t ro l l ed  rec iproca t ing  engines 
w i l l  be s u b s t a n t i a l l y  lower than shown i f  t h e  1975 standards a r e  lib- 
e r a l i z e d .  The p i c t u r e  f o r  1976 and beyond i s  s t i l l  very  unse t t led .  

The c a t a l y s t  curve shows an e a r l y  dec l ine  as t he  s t r a t i f i e d  charge 
engine comes i n t o  use. The s t r a t i f i e d  charge engine may indeed prove 
s u f f i c i e n t l y  a t t r a c t i v e  t o  not  only take  over t h i s  whole rec iproca t ing  
engine segment, a t  l e a s t  69% of the  t o t a l ,  b u t  t o  even recapture  the  
small  segment l o s t  t o  t h e  Wankel i n  t h e  mid- and late-1970's.  By 1985 
t h e  s t r a t i f i e d  charge engine could be t h e  only engine i n  production. 

In conclusion: 

1. Reciprocating p i s ton  engines w i l l  remain dominant w e l l  i n t o  the  
1980's.  

2 .  Vehicle and engine manufacturers cont inue t o  approach change with 
caution and w i l l  fo l low conservat ive in t roduc t ion  and commercial- 
i z a t i o n  s t r a t e g i e s .  

3. Economics w i l l  cont inue t o  be t h e  dominant in f luenc ing  fac tor .  

4. But s o c i a l  requirements, e s p e c i a l l y  f u e l  consumption, w i l l  become 
more s i g n i f i c a n t  i n  inf luenc ing  change t o  d i f f e r e n t  engines. 

The ove ra l l  conclusion, t he re fo re ,  i s  t h a t  t he re  s t i l l  i s  considerable 
uncer ta in ty  a s  t o  t h e  choice and r a t e  of commercialization of s p e c i f i c  
- new 'engines, b u t  no revolu t ions  a r e  l i k e l y  i n  t h e  near  fu ture .  
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This summary i s  based on a complete r e p o r t  by t h e  same t i t l e  published 
by the Eaton Corporation. 

Major i npu t s  f o r  t h e  r e p o r t  w e r e  obtained from over 60 in-depth i n t e r -  
views worldwide. These included c a r  and t ruck  manufacturers: heavy 
duty and small engine producers: developers of new engines:  ma te r i a l s ,  
p a r t s ,  f u e l s  and l u b r i c a n t s  supp l i e r s :  machine t o o l  b u i l d e r s :  govern- 
ment agencies:  t r a d e  a s soc ia t ions :  independent research i n s t i t u t e s  and 
consul tants .  These inpu t s  w e r e  combined wi th  bus iness ,  t echn ica l  and 
h i s t o r i c a l  analyses  and an evaluat ion of t h e  s o c i a l ,  p o l i t i c a l  and 
economic fo rces  t h a t  cause change. 

Primary emphasis was placed on the  Wankel engine and on those f a c t o r s  
which w i l l  have the  g r e a t e s t  bear ing on i t s  (degree and r a t e  o f )  com- 
mercial izat ion.  P r i o r i t y  was placed on passenger c a r  app l i ca t ion  
followed c l o s e l y  by heavy du.ty markets with a r e l a t i v e l y  modest e f f o r t  
i n  the small  engine area.  

/ 
I 
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The Appl ica t ion  o f  t h e  High Speed Diesel Engine 
a s  a Light  Duty Power Plant i n  Europe 

C.J .  Kind 

Pe rk ins  Engines Company, Peterborough, England 

The f a c t  t h a t  the d i e s e l  engine has  been considered and used a s  a sa loon  
c a r  power u n i t  f o r  sane  40 yea r s  may come as  a s u r p r i s e  t o  some people. They 
may admit t h a t  t h i s  i s  so bu t  w i l l  come back with t h e  r e p l y  t h a t  i t  has no t  
made very much progress  through t h e  years.  The d i e s e l  engine succeeded i n  
g e t t i n g  a name very e a r l y  on, and quite r i g h t l y  so i n  some cases, as a dour 
thumping engine t h a t  p lods  on f o r  ever,  and n o t  so f l a t t e r i n g l y  as a smelly, 
noisy,and r a t h e r  smoky power u n i t .  Very few of us would d i sag ree  with t h i s  
desc r ip t ion  up t o  say  30 y e a r s  ago, bu t  g r e a t  s t r i d e s  have been made s ince  
t h e  mid- for t ies  which have e leva ted  t h e  smal l  diesel engine i n t o  a much more 
acceptab le  automotive power u n i t .  
e m e n t r i c  would d r i v e  a d i e s e l  powered car a r e  now passing and t h e  wisdom and 
fo res igh t  of t hose  e a r l y  engineers  i s  now bearing fruit.  
combustion f e a t u r e s  o f  t h e  d i e s e l  engine are showing t o  be more compatible 
with the  s t r i c t  l e g i s l a t i v e  demands t h a t  are being t h r u s t  upon us and more 
people are now looking  f o r  a veh ic l e  wi th  good r e l i a b i l i t y ,  long l i f e  and 
maximum fuel economy. 
becoming commonplace t h e s e  days and so it is worth remembering t h a t  t h e  g r e a t  
redeeming f e a t u r e  of t h e  d i e s e l  engine is  its e x c e l l e n t  f u e l  economy and l o w  
running coscs. 

The days when only an en thus i a s t  o r  an  

The design and 

The words " fue l  resources  and energy crisis" a r e  

But when d i d  it a l l  begin  and why? 

The beqinning i n  Europe. 

The e a r l y  1930 ' s  r e a l l y  saw t h e  first product ion  high speed d i e s e l  engines,  
and these  r equ i r ed  a whole new philosophy t o  be applied.  
engines had been very heavy and bulky i n d u s t r i a l  and marine u n i t s  with a maximum 
speed of around 1000 RPM, which made them unsu i t ab le  f o r  vehic le  appl ica t ions .  

Eventually t h e  f u e l  economy shown by these  engines ,  along w i t h  t h e  

The f i rs t  d i e s e l  

a t t r a c t i v e  low fuel costs, made t h e i r  p rogress ion  i n t o  t h e  commercial veh ic l e  
market a n a t u r a l  move. 
although some of them remained below 2000 RPM, and i n  f a c t  Gardner engines t o  
t h i s  day s t i l l  keep t h e i r  r a t e d  speed i n  t h a t  same speed range. 

The r a t e d  speeds were r a i s e d  t o  around 2000 R P M ,  

The r ap id  development of t h e s e  engines from t h e  mid-1920's t o  t h e  mid- 
1930's was very  impress ive  and t h e  commercial v e h i c l e  ope ra to r s  a t t r a c t e d  
by t h e  lower ope ra t ing  c o s t s  very soon s a w  the advantages o f  t h e  d i e s e l  engined 
veh ic l e  and helped this market t o  r a p i d l y  expand. Various companies, mainly i n  
Grea t  B r i t a i n  and Germany, w e r e  developing t h e s e  engines,  w h i l s t  most o f  t h e  
French engines were be ing  b u i l t  under licence, excluding Peugeot who had 
extended t h e i r  very success fu l  p e t r o l  engine experience i n t o  t h e  d i e s e l  engine 
f i e l d  i n  1928. Those e a r l y  marine and i n d u s t r i a l  engines w e r e  made even more 
bulky by t h e  f a c t  t h a t  an a i r  compressor was requi red  to he lp  atomise the f u e l  
and provide t h e  necessary  a i r  movement for good mixing. With t h e  advent of  
t h e  Bosch f u e l  i n j e c t i o n  equipment i n  Germany and l a t e r  when C.A. Vandervell 
took up t h e  manufacture of Bosch equipment i n  England, r e a l  s t r i d e s  w e r e  taken 
i n  t h e  development process.  

The h igh  speed d i e s e l  engine, wi th  r a t e d  speeds of  3000 RPM plus came 
t o  b e  used i n  t h e  l i g h t  t ruck  market by two d i f f e r e n t  roads. The company who 
manufactured both  t r u c k s  and d i e s e l  engines saw t h e  h igh  speed engine a s  a na tu ra l  
extension o f  h i s  engines  i n  h i s  t rucks .  The o t h e r  approach was being made by t h e  
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d i e s e l  engine manufacturer who o f fe red  to r ep lace  an e x i s t i n g  gasolene engine 
i n  another  company's t ruck .  
had been gained i n  t h e  designing of  t h e  d i e s e l  engines f o r  t h e  b igger  
commercial veh ic l e s  and from t h i s  a l a r g e  amount of  knowledge was drawn which 
a s s i s t e d  i n  t h e  development of  t h e  smal le r  uni ts .  In  many cases t h e  smaller 
engine was a s ca l ed  down vers ion  of  i t s  b igger  bro ther ,  and t h e  b a s i c  des ign  
and combustion p r i n c i p l e s  were very s imi la r .  

I n  t h e  former c a s e  a v a s t  amount of exper ience  

I n  t h e  l a t t e r  cases where an e x i s t i n g  gasolene engine was being rep laced  
by a d i e s e l  engine,  a whole new design philosophy had to  be appl ied ,  because 
in t e rchangeab i l i t y  was a key f a c t o r  and t h e  d i e s e l  engine had t o  f i t  i n t o  t h e  
space vacated by t h e  gaso lene  engine. As t h e  t ransmiss ion  of t h e  t rucks  was 
aga in  designed f o r  t h e  d isp laced  gasolene engine,  t h i s  meant t h a t  t h e  
equiva len t  d i e s e l  engine had t o  have a s i m i l a r  speed and torque  range. A l l  
t h i s  w a s  a cons ide rab le  break away from t h e  t r a d i t i o n a l  d i e s e l  requirement, 
and a l a r g e  amount of  des ign  and development work was required.  

It was r e a l i s e d  e a r l y  on i n  t h e  development of t h e  high speed d i e s e l  
engine t h a t  cy l inde r  p re s su res  and engine  brea th ing  were going t o  be  prime 
r e l i a b i l i t y  and performance parameters. 

The adoption of  an i n d i r e c t  chamber engine allowed t h e  i n t a k e  p o r t  to 
be concerned only  wi th  inducing as high a mass of a i r  a s  poss ib l e ,  and t h e  
s w i r l  p rope r t i e s  r equ i r ed  f o r  e f f i c i e n t  combustion were provided by t h e  a i r  
movement i n t o  and ou t  of  t h e  chamber. 
dur ing  t h i s  t ime, each wi th  i t s  own theory  and o p t i m i s t i c  e f f i c i e n c y  put  forward 
by i t s  inventor.  One of t h e  earliest and most successfu l  des igns  was t h e  Benz, 
later Mercedes Benz of course ,  pre-chamber or pepper po t  design. This  type  of 
chamber has c e r t a i n l y  s tood  t h e  test of time a s  it i s  s t i l l  widely used today 
and i n  many s i z e s  of  engines.  This chamber was f i r s t  used i n  t h e  b igger  des ign  
of  engine,  a s  was t h e  well-known Ricardo Comet combustion chamber, which aga in  
underwent a smooth t r a n s i t i o n  i n t o  t h e  high speed engine,  where i t  i s  still  
very widely used. See Fig. 1 and 2. 

Many des igns  of chambers were evolved 

My own Company, Perk ins  Engines Company, was formed i n  1932 s p e c i f i c a l l y  
to  manufacture high speed d i e s e l  engines f o r  t h e  l i g h t e r  c l a s s  of  vehic le .  
As previous ly  mentioned, i n t e rchangeab i l i t y  w i t h  t h e  gaso lene  engine wherever 
p o s s i b l e  was t h e  primary a i m .  Fig.  3 shows comparative acce le ra t ion  d a t a  from 
a road t e s t  o f  4.2 GVW ton  t ruck  when f i t t e d  with i t s  o r i g i n a l  3 l i t re ,  s i x  
c y l i n d e r  gasolene engine,  and a 2.19 l i t re ,  f o u r  cy l inde r  d i e s e l  engine. Both 
t r u c k s  had t h e  s tandard  gasolene transmission. The s i m i l a r i t y  between t h e  two 
curves  was very encouraging a t  t h e  t i m e ,  e spec ia l ly  when t h e  f u e l  consumption 
of  15  mW f o r  t h e  gaso lene  engine and 25 mpg f o r  the diesel was a l s o  considered. 
The r a t e d  speed of 3000 RPM was t h e  same f o r  both types  o f  engine, and it was 
s a i d  t h a t  t h e  d i e s e l  engine had run smoothly a t  4000 RPM. It should be added 
t h a t  t h e  engine w a s  run  ungoverned. The sav ings  due t o  t h e  s u b s t a n t i a l l y  better 
f u e l  economy of  t h e  d i e s e l  engine were even more enhanced when one cons ide r s  
t h a t  gasolene i n  Great B r i t a i n  i n  1933 c o s t  t h e  equiva len t  of 17 c e n t s  per  
ga l lon ,  whereas t h e  d i e s e l  f u e l  c o s t  on ly  5 cen t s  per  gallon. The main reason 
f o r  t h e  d i f f e rence  was because t h e  gaso lene  f u e l  t a x  was some e i g h t  times 
h igher  than t h a t  on t h e  d i e s e l  fue l .  
the gasolene p r i c e ,  and i n  Germany an even g r e a t e r  d i f f e r e n t i a l  of approx. 70% 
w a s  seen. 

In France d i e s e l  o i l  c o s t  about h a l f  of 

Fig. 4 shows a comparative set of running c o s t s  t h a t  were i s sued  i n  
1933 by t h e  Commercial Motor. The cons iderably  lower f u e l  c o s t s  a r e  an obvious 
po in t ,  but t h e  lower maintenance c o s t s ,  even though t h e  d i e s e l  engine was a new 
type  of  power u n i t ,  shows t h a t  one of  t h e  o t h e r  v i r t u e s  o f  the d i e s e l  engine,  
was born i n  those  e a r l y  development days. The d i e s e l  engined veh ic l e  had a 
20% lower maintenance c o s t  than t h e  gaso lene  engine. 
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FIG. 4. RUNNING COSTS (PEKE PER M I L E )  I N  1933 I N  GREAT BRITAIN. 

P e t r o l  Enqined Vehicles 

2 Ton 3 Ton 4 Ton 5 Ton ---- 
Fuel  1.33 1.80 2.10 2.63 
Lubr i can t s  0.06 0.07 0.09 0.09 

Tyres  0.28 0.35 0.44 0.49 
Maintenance 1.23 1.42 1.57 1.70 
Deprec ia t ion  0.54 0.66 0.93 1.05 

~~~ ~ 

Total  : 3.44 4.33 5.13 5.96 

Fuel  

Lubricants  

Tyres 

Maintenance 

Depreciat ion 

D i e s e l  Engined Vehicles 

3 Ton 4 Ton 5 Ton 

0.38 0.44 0.55 

0.12 0.16 0.16 

0.56 0.74 0.84 

1.15 1.26 1.35 

0.80 1.10 1.27 

--- 

Total  : 3.01 3.70 4.17 

FIG. 5. 

Weight 
Unladen 

CHANGES IN THE VEHICLE ROAD TAX I N  GREAT BRITAIN I N  1934 

Gasolene Diesel Diesel  

Pneumatic Tyres Pneumatic Tyres Sol id  %res 

1933 From 1933 From From 1 J a n  '34 
1.1.34 1.1.34 - -  

Under 12 cwt. E10 510 E10 f35 

12 cwt - 1 t on  E15 215 E15 235 

1 - 13 ton E20 220 f20 235 

14 - 2 ton E25 f25 E25 f35 
2 - 2) ton E28 E30 228 2.35 

24 6 

24 6 

f4 6 

24 6 

f4 6 

\ 
\ 

'\ 

\ 

For gasolene engined veh ic l e s  with s o l i d  t y r e s  t h e  road tax 
remained unchanged a t  t h e  same rate as t h e  p re sen t  pneumatic 
t y r e  tax. 
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This Utopia for  t h e  d i e s e l  engine veh ic l e  could no t  l a s t ,  and i n  
Great B r i t a i n  i n  1934, they were penal ised a g a i n s t  t h e  equ iva len t  gasolene 
engine by a h ighe r  road tax. See Fig.  5. The new t a x  could be offset 
t o  some ex ten t  by t h e  conversion from s o l i d  t y r e s  t o  pneumatic t y r e s ,  and thus  
a saving of fll per  annum was possible .  
no t  a l t o g e t h e r  being r e t a rded  by t h e  new laws. 

So t h i s  showed t h a t  technology was 

One novel f a c t  t h a t  was put forward was t h a t  t h e  increased motor t a x e s  
could l ead  t o  more deaths.  
more people would now go back t o  ho r se  d r iven  carts, and these b e a s t s  
a t t r a c t e d  f l ies  which k i l l e d  more people by i n f e c t i o n  than  d i d  t h e  motor 
veh ic l e  by road acc iden t s  a t  t h a t  time. 

The reasoning behind t h i s  s ta tement  being t h a t  

Fu r the r  p re s su re  was appl ied t o  t h e  d i e s e l  engine in ' 1935  when t h e  
B r i t i s h  Government r e a l i s e d  t h a t  t h e r e  was a danger t o  i t s  gasolene revenue, 
and so they increased t h e  tax on t h e  d i e s e l  f u e l  and made it equal  to t h a t  
on t h e  gasolene. 

A number of s ta tements  made a t  t h e  t i m e  make i n t e r e s t i n g  reading such 
a s  t h e  Min i s t e r ' s  s ta tement  t h a t  "The o i l  engine can do a s  much work on 1 
ga l lon  of f u e l  a s  t h e  p e t r o l  can do on 1$ gal lons" ,  and t h e  pro-diesel  f a c t i o n  
who "bel ieve t h a t  t h e  o i l e r  w i l l  cont inue t o  l i v e  and f l o u r i s h  bu t  i t  must 
no t  be s tun ted  i n  i t s  youth", and t h e  inc rease  of t a x  even pleased some 
people a s  it would "encourage t h e  steam veh ic l e  trade".  T i m e s  d o n ' t  change 
t h a t  much do  they? 

This  i n c r e a s e  o f  t ax  was a considerable  blow t o  a l l  concerned i n  t h e  
d i e s e l  market, bu t  work continued a s  t h e  b e t t e r  f u e l  economy o f  t h e  d i e s e l  
was s t i l l  worthwhile,  but  i t  now became even more e s s e n t i a l  t h a t  t h e  first 
c o s t  should be maintained a s  low a s  possible .  Th i s  meant t h a t  t h e  production 
p r i n c i p l e s  and techniques t h a t  appl ied t o  t h e  gasolene engine manufacturing 
indus t ry ,  had a l s o  t o  be app l i ed  t o  t h e  d i e s e l  engine wherever possible .  
This  was e s p e c i a l l y  e s s e n t i a l  f o r  t h e  smaller  d i e s e l  engine,  a s  i t  took t h a t  
much longe r  t o  o f f s e t  t h e  first costs with tkae lower f u e l  consumption, simply 
because t h e  t o t a l  quan t i ty  of f u e l  consumed was small .  The manufacturer who 
made both gasolene and d i e s e l  engines had an advantage i n  t h a t  h e  had many 
components a t  hand which h e  could design i n t o  both engines  and maximise an 
r a t i o n a l i s a t i o n  between t h e  two types of engines. 

The f u e l  i n j e c t i o n  equipment was, and still is ,  an expensive component 
i n  r e l a t i o n  t o  t h e  t o t a l  engine f i r s t  c o s t s  of a small  d i e s e l  engine. Th i s  
was, t he re fo re ,  one of t h e  main f a c t o r s  why t h e  engine first c o s t s  were so 
high, and t h i s  coupled with customer inexperience of t h i s  type o f  equipment 
was a holding f a c t o r  i n  t h e  poss ib ly  even more r ap id  development of t h e  smaller  
engine. 
not long be fo re  most ope ra to r s '  doubts  were d i s p e l l e d  and i t  soon became 
obvious t h a t  t h e  r e l i a b i l i t y  of the f u e l  pump was considerably b e t t e r  than 
t h a t  of t h e  e l e c t r i c  i g n i t i o n  equipment f i t t e d  t o  t h e  gasolene engine. 
Consequently, t h e  lower maintenance and down time c o s t s  w e r e  soon seen a s  
a f u r t h e r  bonus t o  t h e  d i e s e l  engine veh ic l e  operator .  

Due t o  t h e  commendable r e l i a b i l i t y  o f  t h e s e  first f u e l  pumps i t  was 

The first d i e s e l  powered saloon ca r s .  

It was obvious t h a t  t h e  e x c e l l e n t  f u e l  economy o f  t h e  d i e s e l  engine would 
a l s o  prove a t t r a c t i v e  to  the p r i v a t e  moto r i s t s ,  and so t h e  e a r l y  1930's saw 
p a r a l l e l  tests being run i n  both t r u c k s  and passenger cars .  
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The need for  comparative s i z e ,  weight,  power and engine speed between 

F u r t h e r  f a c t o r s  had a l s o  
t h e  d i e s e l  eng ine  and the  gasolene engine became even more important when 
i n s t a l l a t i o n  i n t o  a passenger  c a r  was considered. 
now t o  be considered such a s  noise ,  v i b r a t i o n  and smell. 

The f irst  product ion d i e s e l  engined c a r  was t h e  Mercedes Benz "260D" 
which was powered by a f o u r  cy l inde r  2.6 l i tre engine which gave 45 HP a t  
3000 RPM. The c a r  was normally f i t t e d  with a 2.3 l i t re  gasolene engine. 
This d ie se l  engine,  t h e  OM138, was a descendant o f  the pre-chamber t ruck  
eng ine  and proved t o  be t h e  very success fu l  forerunner  of a whole range of 
Mercedes d i e s e l  engines  designed to  s u i t  t h e  passenger car. The f u e l  consump 
t i o n  of 30 mpg and a m a x i m u m  speed of 60 mph w a s  very commendable, e s p e c i a l l y  
when t h e  s i z e  and weight o f  t h e  veh ic l e ,  which was r e a l l y  only a m a l l  t r a n s i t -  
i o n  from t h e  l i g h t  commercial veh ic l e ,  was considered. This c a r  gave e x c e l l e n t  
s e r v i c e  t o  many people,  bu t  of course t h e  w a r  yea r s  prevented any f u r t h e r  
development on t h e s e  l i n e s ,  and it was not u n t i l  1949 t h a t  a new model, t h e  
170D, was seen. 

The passenger  c a r  a p p l i c a t i o n  was a l s o  being looked a t  i n  England i n  
t h e  e a r l y  1930's  w i th  a n  eye to  Diesel  conversion. I n  1933, a 2.9 l i t r e  
Pe rk ins  engine was i n s t a l l e d  i n  a gasolene production c a r  and a c r e d i t a b l e  
running c o s t  of 4 c e n t  p e r  m i l e  was seen with equivalent  performance to  t h a t  
g iven  by the d i sp laced  gasolene engine. 

Various capac i ty  d i e s e l  engines were t e s t e d  and one of t h e  bigger  
conversions was a 3.8 l i t re  Gardner engine r a t ed  a t  8 3  BHP a t  3200 RPM which 
replaced a 3.5 l i t r e  gasolene engine. This  saloon c a r  had a t o p  speed of 83 
mph and an o v e r a l l  f u e l  consumption of 44 mpg, which was considerably b e t t e r  
t han  t h e  16 - 18 m p g  achieved with t h e  gasolene engine. A p o i n t  of note  was 
a l s o  t h a t  t h e  conversion only added 100 lbs .  t o  t o t a l  veh ic l e  weight. 

The e x c e l l e n t  f u e l  economy and r e l i a b i l i t y  of t h e s e  c a r s  a t t r a c t e d  people 
who had t o  cover  very long  d i s t ances ,  bu t  even g r e a t e r  b e n e f i t s  were to >e seen 
by t h e  ope ra to r s  of s t o p  s t a r t  veh ic l e s  such as small  d e l i v e r y  vans and taxis. 

Fur the r  impetus t o  t h e  development of t h e  d i e s e l  engine was given by 
t h e  p o l i t i c a l  c l i m a t e  i n  Europe during t h e  mid and l a t e  1930's. 
from imported f u e l s  was aimed a t ,  and so a v a r i e t y  o f  home produced f u e l s  from 
c o a l  and gas  f u e l  were t e s t e d .  As it was s impler  t o  convert  a d i e s e l  engine to 
o p e r a t e  on a v a r i e t y  of f u e l s  r a t h e r  t han  a p e t r o l  engine,  it was gene ra l ly  
t h e  former which was the bas i c  engine used f o r  t h e  development work. 

Independence 

The Second Era. 

I n  1949, Daimler-Benz produced t h e  170 S e r i e s  of sa loon  cars. This 
model was t h e  fo re runne r  o f  a whole new series of passenger cars produced by 
t h i s  company, and has  seen  gasolene and diesel engines  i n s t a l l e d  i n  p a r a l l e l  
up t o  t h e  p r e s e n t  t i m e .  

The 1.76 l i t r e  d i e s e l  eng ine (m636)  embodied much of t h e  experience 
gained from t h e  e a r l i e r  2.6 l i tre engine,  and t h i s  enabled t h e  smaller  engine 
t o  have a r a t e d  speed of 3200 rpm and an ou tpu t  of 21.6 bhp / l i t r e .  
i t y  of t h i s  veh ic l e  i s  shown by t h e  fact t h a t  27,000 170D's were sold i n  t h e  
t h r e e  yea r s  f r o m  1949 t o  1952. The first c o s t  of the d i e s e l  engined car w a s  
only 8185 more than  t h e  equ iva len t  p e t r o l  model, and w i t h  a f u e l  consumption 
of 40 - 45 mpg, it took very l i t t l e  t ime be fo re  t h e  d i e s e l  c a r  was making a 
considerable  saving. 

The popular- 

r l  
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T h i s  engine was developed f u r t h e r  and i n  1953 t h e  180D was introduced 
wi th  t h e  f o u r  c y l i n d e r  engine now ra t ed  a t  43 bhp a t  3500 rpm, 24.4 b h p / l i t r e ,  
and a c a p a b i l i t y  of 3800 rpm. These engines had a s t roke /bore  r a t i o  o f  1.33, 
bu t  when a new 2 l i t r e  engine  was in t roduced  i n  1959, it had a reduced r a t i o  
of 0.96, which allowed a h igher  opera t ing  speed of  4350 rpm and a s p e c i f i c  
ou tpu t  of 21.5 bhp / l i t r e .  

The European Cont inenta l  coun t r i e s  still  gave an e x t r a  boost t o  t h e  
development of t h e  d i e s e l  engine i n  t h e  e a r l y  f i f t i e s  by keeping t h e  cost of 
d i e s e l  f u e l  well  below t h e  gasolene c o s t s ,  w h i l s t  i n  Great B r i t a i n  t h e  
d i f f e r e n c e  i n  1954 was only  a l i t t l e  over  2.5 cents .  
l i t t l e  d i f f e rence  i n  f u e l  c o s t s  i n  t h e  U.S.A. a t  t h i s  t i m e  and, so aga in ,  t h e  
incen t ive  was low. 

There was a l s o  very 

Various European Cont inenta l  manufacturers now began producing d i e s e l  
powered cdrs, such a s  F i a t  i n  I t a l y  and Borgward Hansa i n  Germany and event- 
u a l l y  i n  1954 t h e  Standard Motor Company Limited began producing a sa loon  model 
i n  England. 
automotive magazine a t  t h e  t i n e  which s t a t e d  t h a t  61,200 miles was needed t o  
be covered by t h i s  c a r  before  t h e  high p r i c e  d i f f e r e n t i a l  of 8640 was o f f s e t .  
This  mileage was r equ i r ed  on t h e  b a s i s  o f  t h e  d i e s e l  engined c a r  g iv ing  40 'npg 
a s  aga ins t  23 mpg of i t s  equiva len t  gasolene engine. 

The e s s e n t i a l  po in t  on f i r s t  c o s t s  was poin ted ly  shown by an 

The top  speeds of t h e  d i e s e l  c a r  were gene ra l ly  some 10 - 20 mph lower 
than  t h e  gasolene, bu t  even more f r u s t r a t i n g  was t h e  poor acce lera t ion .  
gene ra l ly  was due t o  t h e  prime e s s e n t i a l  of i n t e rchangeab i l i t y .  
ou tput  HP/ l i t re  of  t h e  d i e s e l  engine has  always been lower than  t h e  gaso lene  and, 
as t h e  engine bulk dimensions had t o  remain e s s e n t i a l l y  t h e  same f o r  bo th  engines,  
t h i s  meant t h a t  t h e  d i e s e l  had a 10 - 15% lower p o w e r  outLut,  and a maximum 
engine speed between 1000 - 1500 rpm lower than  t h e  gasolene. 
t h e  t ransmiss ion  r a t i o s  w e r e  not changed and so t h e  veh ic l e  performance suf fered  
aga in  from th i s .  Sometimes an overdr ive  rhtio was f i t t e d  which enabled a 
h ighe r  t o p  speed, bu t  t h e  poor acce le ra t ion  was gene ra l ly  seen a s  a b ig  
d isadvantage  t o  t h e  average motor i s t .  

T h i s  
The s p e c i f i c  

I n  many cases  

The d r i v e r  who covered very long d i s t a n c e s  and requi red  a reasonable  
c r u i s i n g  speed wi th  good r e l i a b i l i t y ,  found t h e  d i e s e l  car t o  h i s  l i k i n g .  

An even more b e n e f i c i a l  app l i ca t ion  was i n  t h e  veh ic l e  t h a t  used a s top  
s t a r t  and low load  f a c t o r  type  of  operation. 

The d i e s e l  engine has  nominally a cons t an t  volumetric e f f i c i e n c y  and 
compression r a t i o  through t h e  load range  a t  a given speed, whereas t h e  gaso lene  
engine has t o  contend wi th  f a l l i n g  va lues  a t  p a r t  load due t o  t h e  t h r o t t l i n g  of  
t h e  a i r  f low a t  t hese  condi t ions .  This d i f f e rence  is  shown i n  t h e  better p a r t  
load  economy of t h e  d i e s e l  engine and so t h e  s t o p  s t a r t  o r  p a r t  load app l i ca t -  
i o n s  show t h e  d i e s e l  engine t o  cons iderable  advantage. 

Fig. 6 shows how t h e  s p e c i f i c  f u e l  consumption curves of  t h e  same capac i ty  
engine when t e s t e d  i n  d i e s e l  and gasolene  forms d iverge  a t  t h e  p a r t  load 
condition. This f e a t u r e  when t r a n s f e r r e d  to  a c t u a l  road running r e s u l t s  
shows thak  t h e  l i g h t  load running g ives  approximately t h r e e  t i m e s  t h e  f u e l  
saving seen a t  t h e  high load  f a c t o r  running. See Fig. 7. 

Various types  of  veh ic l e s  s a w  t h e  economy of t h e  d i e s e l  engine i n  t h i s  
way i n  t h e  m i d  1950 ' s ,  and t h e  engine was used i n  app l i ca t ions  va iy ing  from 
t a x i s  t o  de l ive ry  vans and road sweepers. 

The rap id  i n c r e a s e  i n  t h e  use  of  t h e  d i e s e l  engine f o r  t a x i  a p p l i c a t i o n s  
was most spec tacu la r  i n  Great Br i t a in .  Fig. 8 shows how t h e  first t a x i  was 
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r e g i s t e r e d  i n  1953 and wi th in  2 y e a r s  t h e  number of new r e g i s t r a t i o n s  had 
overtaken t h a t  of t h e  gasolene engined t a x i s .  
e r r a t i c  t r end ,  poss ib ly  due t o  t h e  economic c l ima te  a t  t h a t  time, bu t  s i n c e  
1961 the i n c r e a s e  has  sho;m a p o s i t i v e  upwards swing. The r i s i n g  t r e n d  o f  
t h e  gasolene taxi s i n c e  1961 i s  due t o  t h e  number o f  smaller  companies and 
i n d i v i d u a l s  who a r e  us ing  t h e i r  p r i v a t e  c a r s  i n  t h i s  market. 

The l a t e  1950's  saw an 

Fig. 9 shows h o w  t h e  German d i e s e l  passenger c a r  market has  always been 
t h e  l a r g e s t  i n  t h e  world,  with an impressive fityure of 0.5 mi l l i on  d i e s e l  cars 
being used i n  1972. It i s  est imated t h a t  45,000 t a x i s  w i l l  be  r e g i s t e r e d  i n  
Germany during 1972/73, and 80% of t h e s e  w i l l  b e  d i e s e l  powered. This  shows 
t h a t  t h e  v a s t  ma jo r i ty  of d i e s e l  engined c a r s  a r e  being run by companies and 
t h e  pub l i c  f o r  t h e i r  p r i v a t e  use  and o v e r a l l  f u e l  consumption and r e l i a b i l i t y  
must be p r i o r i t y  f e a t u r e s  a s  they a r e  i n  t h i s  market i n  any country. 
p o s i t i o n  i n  France s i n c e  1963 is a l s o  shown on Fig. 9 ,  and although t h e  a c t u a l  
numbers involved a r e  much sma l l e r ,  t h e  t r end  shown from 1969 - 1972 i s  p a r a l l e l  
t o  t h e  German experience.  

The 

The owner of a motor car who t r a v e l s  above t h e  average annual mileage, 
say 25,000 m i l e s  or more, w i l l  see t h e  b e n e f i t  o f  running a d i e s e l  car, and 
t h e  auto-routes  seen ac ross  t h e  European Continent a r e  i d e a l  roads for t h i s  
t ype  of d r iv ing ,  a s  a r e  t h e  American freeways. 

I n  Great B r i t a i n  w e  do not  have t h e  road system, or even possibly t h e  
square mileage of country,  t o  see t h e  same usage of d i e s e l  engined c a r s  a s  on 
t h e  European Continent ,  and consequently t h e  ma jo r i ty  o f  t h e s e  veh ic l e s  a r e  
used a s  t a x i s .  A s  t h e  f u e l  savings a r e  so much g r e a t e r  a t  t hese  p a r t  load 
running condi t ions,  t h e  mileage necessary t o  o f f s e t  t h e  higher  f i r s t  c o s t s  
i s  much less. A t y p i c a l  d i f f e r e n c e  i n  t h e  f u e l  consumption f o r  a London taxi 
cab type o f  duty would be 20 mpg f o r  t h e  gasolene engined t a x i  and 3 5  mpg f o r  
i t s  d i e s e l  engined equivalent .  

The 1 2 c w t  - 1 t o n  l i g h t  van market i s  a very high quan t i ty  market, bu t  
a s  y e t  t h e  d i e s e l  engine has  made very f e w  inroads.  
because of f i rs t  costs, a l though t o  some e x t e n t  t h e  performance penal ty  is  
still  f e l t  i n  t h i s  low weight vehicle .  

This again i s  e s s e n t i a l l y  

The 1 - 19 ton  v e h i c l e  market i s  a l s o  a very l u c r a t i v e  market, and t h e  
!f 

t 
' /  

d i e s e l  engined veh ic l e  i s  showing a s teady r ise  here.  

1 
The l i g h t  t ruck  app l i ca t ions  used by l o c a l  Au thor i t i e s  f o r  road cleaning,  

r e f u s e  d i sposa l  and o t h e r  c i t y  work, see t h e  advantages of t h e  d i e s e l  i n  t h e s e  
app l i ca t ions .  The p a r t  l oad  economy again shows i t s  b e n e f i t  i n  t h e s e  t rucks ,  
and t h e  higher  first costs can be o f f s e t  i n  about 3 years .  The r e l i a b i l i t y  of 
t h e s e  engines giving less 'down-time' and ' d a l l  o u t '  problems i s  a f u r t h e r  
added bonus. 
i s  necessary.  

1 

These t r u c k s  g i v e  a b u t  10  yea r s '  s e r v i c e  be fo re  a major overhaul 

I f  w e  look a t  t h e  production r a t e  o f  t h e  d i e s e l  engined c a r  i n  Europe 
over  t h e  l a s t  15  yea r s ,  w e  see t h a t  t h e r e  has  been a p o s i t i v e  inc reas ing  r a t e  - 
See Fig. 10. 
ca r s .  

The graph does not  i nc lude  conversions bu t  only production l i n e  

This  t rend proved a t t r a c t i v e  t o  more gasolene engine c a r  manufacturers 
and today w e  have t h r e e  major manufacturers who produced a t o t a l  of 180,000 
d i e s e l  engined saloon c a r s  i n  1972. Between them, these  manufacturers - 
Mercedes Benz, Peugeot and Opel, produce a wide range of d i e s e l  engined 
veh ic l e s  ranging from a small  saloon t o  an 8 s e a t e r  l imousine.  
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A l l  t h e  veh ic l e s  have fou r  cy l inde r  engines ,  even t h e  b igges t  which 
has  a 2.4 l i t r e  engine,  and t h e  h ighes t  r a t e d  speed i s  now a c r e d i t a b l e  
5350 rpm seen from t h e  Peugeot cm3 enyine. 

Whils t  t h e  d i e s e l  engine has  been making cons ide rab le  s t r i d e s  i n  i t s  
development with an eye on t h e  saloon c a r  market,  t h e  gasolene engine has ,  
of course,  equal ly  been i n t e n t  on f u r t h e r  development and, consequently,  it 
would be true t o  say  t h a t  t h e  performance gap h a s  no t  decreased. The 
performance of t h e  gasoiene engined c a r  h a s  improved s u b s t a n t i a l l y  s i n c e  t h e  
end of t h e  2nd World War, and so i n  a d i r e c t  comparison t h e  gasolene c a r  i s  
s t i l l  supe r io r  i n  a c c e l e r a t i o n  and maximum speeds.  But we must not l e t  t h i s  
overshadow t h e  developments t h a t  have been seen i n  t h e  d i e s e l  engine,  where 
a 50% i n c r e a s e  i n  r a t e d  speed has  been achieved and s p e c i f i c  ou tpu t s  have 
nea r ly  doubled. Without a doubt,  t h e  saloon c a r  market has  provided t h e  
s t imulus for t h i s  development, and many people  b e l i e v e  t n a t  t h e  p o t e n t i a l  
world market f o r  t h e  d i e s e l  engined c a r  and l i g h t  t ruck  has  y e t  t o  be exp lo i t ed .  

Today's gasolene engined c a r  has  on average s t i l l  a 10 seconds advantage 
on a 0 - 60 mph acce le ra t ion  test ,  and a t o p  speed some 15 - 20 mph f a s t e r ,  
bu t  i n  t h e s e  days of i nc reas ing  l e g i s l a t i o n  t o  reduce speed l i m i t s ,  t h e  d i e s e l  
c a r  performance g iv ing  75 - 85 mph i s  more t h a n  adequate.  

W e  still  have t h e  o l d  problem of f i r s t  costs and t h e  b a s i c  p r i c e  
d i f f e r e n t i a l  v a r i e s  from 8250 t o  8750, b u t  equa l ly  so w e  a l s o  still  have t h e  
considerably b e t t e r  f u e l  consumption from t h e  d i e s e l  car. Such a d j e c t i v e s  
a s  "astonishing",  "tremendous" and "dramatic" a r e  f r equen t ly  used when people 
compare t h e  f u e l  consumptions of these  cars and, i n  gene ra l ,  they g i v e  60 - 70% 
m i l e s  more p e r  ga l lon  than t h e i r  gasolene engined counterpar ts .  

W e  have seen  how economy h a s  always been a paramount f a c t o r  i n  t h e  s a l e s  
of d i e s e l  c a r s ,  and t h i s  was undoubtedly helped by t h e  b e n e f i c i a l  d i f f e r e n t i a l  
i n  f u e l  costs seen i n  most European coun t r i e s .  It i s  poss ib ly  a demonstration 
of t h e  i n s i g h t  and g r a t i t u d e  of t h e  p o l i t i c i a n  t o  see from Fig.  11 t h a t  Germany, 
who for so long has  been t h e  l eade r  i n  t h e  d i e s e l  c a r  market, has  now, along 
with t h e  United Kingdom, t h e  dubious honour of having no o r  even an adverse 
c o s t  d i f f e r e n t i a l  when compared with cu r ren t  gasolene pr ices .  Extra  s t r e n g t h  
i s  r e a l l y  given t o  the case  f o r  t h e  d i e s e l  engine by t h i s  f a c t ,  a s  t h e  f u e l  
economy i s  still being seen as a worthwhile f a c t o r  i n  purely mpg terms. 

THE FUTURE: 

If we now look i n t o  t h e  f u t u r e ,  itow do w e  see t h e  d i e s e l  engined saloon 
c a r  i n  t h e  l i g h t  of l e g i s l a t i v e  and f u e l  r e source  pressures .  

The u s e  of t h e  I .D. I .  combustion p r i n c i p l e  f o r  t h e  small  d i e s e l  engine 
began, a s  I s a i d  before ,  a t  t h e  very beginning of t h e  development e r a  of t h e  
d i e s e l  engine. Some people might c a l l  it f o r e s i g h t ,  f o r t u i t o u s  o r  just l U u C ,  

t h a t  t h i s  t ype  of engine i s  now proving t o  b e  a much b e t t e r  emission c o n t r o l l e d  
engine than e i t h e r  the D . I .  d i e s e l  engine o r  t h e  gasolene engine. But r e a l l y  
t h e  f a c t  t h a t  t hey  w e r e  chosen because they  had lower c y l i n d e r  p re s su res ,  
along with b e t t e r  breathing,  i s  t h e  reason why t h i s  combustion p r i n c i p l e  i s  
now showing t o  advantage i n  t h e s e  days of l o w  NO and noise. Lowering t h e  
r a t e s  of p re s su re  rise and peak cyc le  temperatures  by r e t a r d i n g  t h e  i n j e c t i o n  
is  a w e l l  known p r i n c i p l e  and i n  t h e  I . D . I .  engine t h i s  a l s o  has  t h e  added 
b e n e f i t  of reducing t h e  exhaust smoke. This  l a t e r  t iming a l s o  reduces t h e  
combustion no i se  l e v e l s  and so w e  g radua l ly  have a s i t u a t i o n  where t h e  previous 
disadvantages of t h e  d i e s e l  engine a r e  a l s o  being reduced. 
problem of i n s t a l l a t i o n .  

Taking t h e  o l d  
If w e  can s u f f i c i e n t l y  dec rease  t h e  r a t e  of c y l i n d e r  



pres su re  rise and hence t h e  combustion no i se ,  a t  both high and low speeds, 
i t  may be p o s s i b l e  t o  reduce t h e  bulk and weight of t h e  d i e s e l  engine and 
so reduce t h e  i n s t a l l a t i o n  problems, and a t  t h e  same time reduce t h e  f i r s t  
c o s t  d i f f e r e n t i a l .  

This p r i n c i p l e  h a s  of cour se  t o  b e  i n v e s t i g a t e d  i n  considerable  d e t a i l  
and analysis ,  o r  the  s i t u a t i o n  w i l l  a r i s e  where t h e  r educ t ion  i n  engine bulk 
w i l l  a l l o w  more no i se  t o  be released.  

By ex tens ive  a n a l y s i s  of t h e  c y l i n d e r  block loading and v ib ra t ion  i t  
may be poss ib l e  t o  design a block which can d i s t r i b u t e  t h e  loading more 
e f f e c t i v e l y  and so reduce t h e  no i se  gene ra t ing  sources  along with a reduct ion 
i n  engine bulk. 

The d i e s e l  knock becomes more o b t r u s i v e  i n  t h e  car app l i ca t ion  a t  t h e  
lower engine speeds,  and means of reducing i g n i t i o n  delay per iods and smoothing 
o u t  t h e  r a t e s  of c y l i n d e r  p re s su re  rise seen a t  p a r t  load condi t ions w i l l  have 
t o  be found be fo re  t h e  average moto r i s t  w i l l  be  s a t i s f i e d .  
experience of such sounds wi th  h i s  gasolene engined car h a s  usua l ly  given 
him v i s ions  of f a i l i n g  bea r ings  and p i s tons ,  and p o s s i b l e  some re-education 
i s  needed t o  convince him t h a t  t h e  d i e s e l  engine i s  designed t o  withstand 
t h e s e  loads.  

His previous 

The U.S.  l e g i s l a t i o n  on g aseous emissions h a s  caused enormous headaches 
f o r  a l l  engine manufacturers  a l l  over t h e  world. 

The manufacturers of t h e  gasolene engine have been t h e  ha rdes t  h i t ,  bu t  
after a l l  it was them who c r e a t e d  t h e  problem i n  t h e  first p lace  and are now 
experiencing t h e  g r e a t e s t  d i f f i c u l t y  i n  meeting t h e  s t r i n g e n t  requirements. 

Many e s t ima tes  and gloomy p red ic t ions  have been made on t h e  reduced power, 
increased f u e l  consumption, and increased first costs of t h e  gasolene engined 
c a r  t h a t  can meet t h e  1975/1976 and subsequent yea r s '  l e g i s l a t i o n .  
CVCC, and va r ious  rotary engine design concepts  have been developed so a s  t o  
meet the l e g i s l a t i o n ,  w h i l s t  the standard r ec ip roca t ing  gasolene engine h a s  
had t o  in t roduce  many e x t e r n a l  innovat ions.  The I . D . I .  d i e s e l  engine has  
many of t h e  r e q u i r e d  design and combustion f e a t u r e s  a l r eady  b u i l t  i n t o  it and 
any f u r t h e r  mod i f i ca t ions  w i l l  g ene ra l ly  come about by engine i n t e r n a l  modifi- 
ca t ions .  Th i s  m e a n s  t h a t  t h e  offending p o l l u t a n t s  a r e  no t  generated i n  t h e  
first place,  and so t h e  need for  expensive c o r r e c t i v e  ac t ion  i s  not required.  

The Honda 

The number of eng ine  modif icat ions required by t h e  d i e s e l  engine a r e  
r e l a t i v e l y  small i f  t h e  1975/76 Federal  l i m i t s  are t o  be m e t ,  and it i s  
gene ra l ly  true t o  say t h a t  t h e  stricter t h e  limits t h e  more ab le  t h e  d i e s e l  
engine i s  t o  m e e t  them. A very small power and SFC penal ty  i s  expected f r o m  
t h e  d i e s e l  engine i f  it has t o  meet t h e  p ro jec t ed  1975 C a l i f o r n i a  l e g i s l a t i o n ,  
and wi th  only marginal i nc reased  cost .  Very few f i g u r e s  are re l eased  by t h e  
gasolene engine manufacturer  on t h e  effects of t i dy ing  up h i s  emissions 
problem, b u t  cons ide rab le  power de ra t e s ,  i n c r e a s e s  of veh ic l e  weight, 
i nc reases  of first c o s t s ,  and most c r i t i c a l  of a l l  increased f u e l  consumption, 
a r e  all f a c t o r s  which w i l l  gene ra l ly  apply. 

The lower s p e c i f i c  ou tpu t  of t h e  d i e s e l  engine h a s  to  be increased i f  

This  i n c r e a s e  can come about by turbocharging and along with it, 
it is to e f f e c t i v e l y  compete on a performance b a s i s  with t h e  gasolene engined 
saloon. 
f u r t h e r  improvements i n  f u e l  economy. The turbocharger  w i l l  obviously 
i n c r e a s e  t h e  first c o s t s ,  bu t  t hese  w i l l  b e  more than  o f f s e t  by t h e  very 
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expensive c a t a l y t i c  conve r t e r s  r equ i r ed  by the gaso lene  engine. 

Fig. 12  shows a test  bed comparison between a 4-cylinder 108 cu. in. 
turbocharged d i e s e l  engine and a 104 a. i n .  gasolene engine. The gasolene 
engine w a s  i n  s tandard,  non-de-toxed condi t ion.  S ince  4000 rev/min was 
t h e  maximum speed of the d i e s e l ,  t h e  gasolene curve was a l s o  discont inued 
a t  t h i s  speed al though no t  reaching a m a x i m u m  u n t i l  4800 rev/min. The superio:  
f u e l  consumption of t h e  d i e s e l  i s  c l e a r l y  shown. 

Each engine was i n s t a l l e d  i n  a UK Ford passenger c a r  and comparative 
road t e s t  d a t a  obtained. Histograms of f u e l  consumption, maximum speed 
and acce le ra t ion  a r e  shown i n  Fig. 13. The s t and ing  s t a r t  acce le ra t ion  
of t h e  d i e s e l  powered v e h i c l e  was s l i g h t l y  i n f e r i o r  t o  the gasolene c a r ,  
due mainly t o  t h e  h ighe r  r o t a t i n g  i n e r t i a  of t h e  d i e s e l  engine and heavier  
i n s t a l l e d  weight. Top gea r  a c c e l e r a t i o n  above 40 mph was, however, b e t t e r  
w i th  t h e  d i e s e l  engine,  a s  w a s  t h e  t o p  speed. Fuel consumption was consider- 
a b l y  b e t t e r  w i th  t h e  diesel, p a r t i c u l a r  a t  lower speeds. Fig.  14  shows t h e  
s teady speed f u e l  consumption a t  va r ious  speeds. 

So the turbocharger  w i l l  g i v e  improved performance and f u e l  economy 
t o  t h e  d i e s e l  engined v e h i c l e ,  whilst i t s  gasolene counterpar t  i s  subjected 
t o  reduced performance and economy. 

Two more fundamental y e t  s u b s t a n t i a l  changes may b e  required t o  t h e  
d i e s e l  saloon philosophy, which a f f e c t  both engine and c a r  manufacturer,  
i f  t h i s  t y p e  of v e h i c l e  i s  t o  be f u l l y  accepted. 

F i r s t ,  engines  of s i x  c y l i n d e r  conf igu ra t ion  may b e  required,  one 
manufacturer h a s  s p l i t  t h e  d i f f e r e n c e  and i s  working on a f i v e  cy l inde r  
engine,  b u t  if powers ove r  120 BHP are required t h e n  a turbocharged s i x  
cy l inde r  w i l l  be  t h e  answer. 

Second, t h e  t r ansmiss ion  should b e  designed for t h e  d i e s e l  engine and, 
if t h e  engine i s  turbocharged, t h e n  a to rque  conve r t e r  should be matched 
t o  i t s  torque curve. 

I t h e r e f o r e  foresee the r o l e  o f  t h e  small  high speed d i e s e l  engine 
inc reas ing  i n  t h e  l i g h t  duty market,  and this market p o t e n t i a l  should provide 
a r e a l  stimulus t o  t h e  d i e s e l  engine manufacturer to  f u r t h e r  improve h i s  
product and prove that t h e  image of t h e  d i e s e l  engined ca r  i s  due f o r  a 
w e l l  deserved brush-up. 

The v e h i c l e  manufacturer h a s  t o  accep t  t h a t  t h e  t ransmission h a s  t o  
be developed around t h e  d i e s e l  engine,  and i f  a concerted e f f o r t  w a s  made 
by a l l  p a r t i e s  concerned, the l a t e  1970s and i n t o  t h e  1980s could s e e  improve- 
ments i n  both environmental  cond i t ions  and a s u b s t a n t i a l  reduct ion i n  t h e  r a t e  
o f  exhaustion of our  va luab le  f u e l  resources .  

CURRENT LIMlTS FOR LIGHT DUTY DIESEL ENGINES: 

1. Power - "his i s  dependent o f  speed (rev/min) and brake mean e f f e c t i v e  
p re s su re  (b.m.e.p.1. 

2. Speed - For the s i z e  of engine considered, the  l i m i t i n g  f a c t o r  i s  
usua l ly  mean p i s t o n  speed. 
operated f o r  sus t a ined  pe r iods  a t  p i s t o n  speeds over 2500 ft/min. 
Some gasolene engines  o p e r a t e  a t  up t o  3500 ft/min. Fig. 1 5  shows t h e  
permissible  s t r o k e  dimension f o r  var ious m a x i m u m  engine speeds. 

Problems a r i s e  i f  d i e s e l  engines  are 
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3.  Stroke t o  Bore R a t i o  - For i n d i r e c t  i n j e c t i o n  d i e s e l s ,  a s t roke/bore 
r a t i o  of between 1.0 and 0.85 i s  possible .  
l i m i t  on c y l i n d e r  capac i ty  for  a given rev/min. and p i s t o n  speed. 
Fig. 1 6  shows the pe rmis s ib l e  maximum speed of var ious capaci ty  s i x  
cy l inde r  engines.  

90 l b f / i n 2  b.rn.e.p. a t  m a x i m u m  speed. 
t h e  horsepower l i m i t  a t  va r ious  r a t e d  speeds for the s i x  c y l i n d e r  engine. 

This t h e r e f o r e  sets a 

4. B.M.E.P. - Normally a s p i r a t e d  d i e s e l  engines should produce 
Using th i s  value,  Fig. 17 shows 

5. Supercharging - More power can be obtained by turbocharging, bu t  
l imi t ed  by t h e  temperature  of p i s t o n s ,  r i n g s ,  cy l inde r  head f a c e  and 
valves,  and c y l i n d e r  pressure.  By turbocharging, an i n c r e a s e  i n  power 
of 30% may b e  expected. 

6. Engine bulk - D i e s e l  eng ines  tend t o  be longe r  than gasolene engines  
due t o  water passages between bores,  more robus t  c r anksha f t  and bear ings 
and heavy duty t iming  d r ive .  

Siamesed c y l i n d e r s  may b e  used for  l i g h t  duty app l i ca t ions ,  bu t  problems 
due t o  c y l i n d e r  d i s t o r t i o n  a r e  l i k e l y .  

The h e i g h t  i s  u s u a l l y  g r e a t e r  t h a n  for  an equ iva len t  gasolene engine,  
due t o  longe r  s t r o k e  and t h i c k e r  head. Ca rbure t to r s ,  however, f r equen t ly  
add t o  t h e  h e i g h t  o f  gasolene engines.  
a larger volume of o i l .  

There i s  l i t t l e  d i f f e r e n c e  i n  engine width,  p a r t i c u l a r l y  i n - l i n e  engines. 

The bulk of a d i e s e l  i s  l i k e l y  to be up t o  50% g r e a t e r  f o r  a given 
cy l inde r  capac i ty .  

O i l  pans tend t o  be deep t o  hold 

7. Engine weight - Where c a s t  i r o n  i s  used f o r  t h e  blocks and heads of 
both d i e s e l  and gasolene engines,  t h e  d i e s e l s  a r e  usua l ly  heavier .  This 
can m o u n t  t o  100% more for  equal power, normally a sp i r a t ed .  

Fig. 18 shows a comparison between a l i g h t  commercial v e h i c l e  d i e s e l  
engine and a t y p i c a l  compact ca r  gaso lene  engine. 
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ENGINE COMPARISON 

MAIN DIMENSIONS. 

Diesel Engine 

Cylinder  block l eng th  

Length engine from r e a r  
f a c e  cy l inde r  block 
t o  f r o n t  of f a n  

Height o f  water  pump 

Depth of sump 

Height above c ranksha f t  

Overal l  he igh t  

Width L.H. 
Looking from 
drivers seat 

Width R. H. 
Looking from 
d r i v e r s  s e a t  

Overal l  width 

Engine weight ( lb s . )  
(d ry )  

inches 

27.6 

36.6 

8.2 

10.6 

18.4 

29.0 

10.7 

12.5 

23.2 

708 

Flywheel p l u s  
backplate.  
S t a r t e r  p lus  
a l t e r n a t o r  p lus  
fan. 

Six Cylinder  Gasolene 
Chrysler  225 i n s 3  "RG" 
Inc l ined  30' from Vert. 

inches 

26.1 

31.0 

6.7 

8.6 

18.3 

26.9 

9.0 

13.8 

22.7 

475 

Al te rna to r  p l u s  
a i r  c l eane r  only. 
555 l b s .  i f  t o  
equivalent  
s p e c i f i c a t i o n  

Y 


